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CO2 capture and storage from both power generation and industrial activity is a central
strategy for stabilization of atmospheric greenhouse gas concentrations to avoid drastic climate
change. The deployment of fully integrated commercial CO2 capture and storage schemes is
hindered by the considerable cost of current CO2 capture technologies. In pre-combustion
(gasification or natural gas reforming) systems, capture of CO2 at warm temperatures (250-400
°C) with solid absorbents can provide a lower energy penalty than the use of low-temperature
liquid absorbers, by avoiding the need to cool and reheat the gas stream. To date, efficient
regenerable CO2 solid absorbents applicable at warm temperatures are still greatly desired.
In this thesis, a molten salt promoting effect was discovered that can significantly
facilitate the CO2 reaction with bulk metal oxides. This leads to the invention of a series of
molten salt promoted metal oxide or metal oxide contained double salt absorbents with superior
performance, applicable to different warm temperature windows. A facile preparation procedure
utilizing ball milling was developed to prepare these absorbent materials. The roles of each
individual component in the absorbent mixture were discussed in the exemplary system of
NaNO3 promoted MgO-Na2CO3. For this same system, the chemistry was tuned for optimal
performance, which was demonstrated in a fixed bed reactor.

i

NaNO3 promoted MgO was chosen as the basic material system to study the origin of the
significant promotion effects of molten salts on metal oxides. Comprehensive experimental and
computational calculation results reveal that this facilitation originates from the capability of
molten nitrate to dissolve bulk MgO. Dynamic MgO dissolution/precipitation equilibrium in
molten nitrate provides activated MgO species accessible to CO2 at gas-solid-liquid triple phase
boundaries. This proposed reaction mechanism is also applicable to other systems composed of
different molten salts with other basic metal oxides or double salts, inspiring the design of
absorbents that require activation of the bulk material. It is also proposed here that molten
NaNO3 acts as a phase transfer catalyst in the gas-solid reaction between CO2 and MgO, by
converting the solid reaction environment into liquid and providing an alternate reaction pathway
to traditional gas-solid reactions.
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Chapter 1: Sorbent materials for warm temperature CO2 capture
1.1 Introduction to carbon capture and storage (CCS)
Carbon dioxide (CO2) capture and storage is a process consisting of the separation of CO2
from industrial and energy-related sources, transporting it to a storage location and long-term
isolation from the atmosphere. CCS is considered as an important option in the portfolio of
mitigation actions for stabilization of atmospheric greenhouse gas concentration and managing
the risks of extreme events and disasters [1, 2]. CCS can be applied to large point sources, which
include large fossil fuel or biomass energy facilities, major CO2-emitting industries (such as
cement production, refineries, iron and steel industry), natural gas production, synthetic fuel
plants and fossil fuel-based hydrogen production plants. However, the deployment of fully
integrated commercial CO2 capture and storage schemes is hindered by the considerable cost of
current CO2 capture technologies, which represents approximately two thirds of the total cost for
CCS. There exists a serious need for research on innovative new materials in order to reduce the
cost of CO2 capture and the time for commercialization [3]. A general approach for CO2 capture
is to use a regenerable sorbent that can efficiently sorb CO2 at a certain temperature and then
release CO2 and regenerate the sorbent at a higher temperature or lower pressure. Membrane
separation provides an alternative technology and also is expected to be more efficient than
conventional CO2 separation processes employing sorbents [4]. However, significant challenges
still remain in membrane development for CO2 separation, and sorbent technology is farther
advanced.
Fossil-fuel power plants are by far the largest CO2 emitters and major contributors to
greenhouse gas emissions, making them obvious targets for the implementation of advanced
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CCS technologies [5]. Three predominant technologies for reducing CO2 from of fossil fuel
power plants are oxy-combustion, post-combustion and pre-combustion [6]. In pre-combustion
(gasification or natural gas reforming) systems, capture of CO2 at elevated temperatures with
solid sorbents can provide a lower energy penalty than the use of low-temperature liquid
absorbers, by avoiding the need to cool and reheat the gas stream. The technology developed at
URS Group in Figure 1 provides an example of warm temperature (250-400 °C) CO2 capture
technologies [7]. CO2 sorbent materials were developed to remove CO2 along with a water gas
shift (WGS) reactor of the integrated gasification combined cycle (IGCC) and this technology is
also named sorption enhanced water gas shift (SEWGS).
1.2 What makes a good CO2 sorbent?
There are many factors to describe an effective sorbent material. In reality, trade-offs
have to be made for the optimized performance. In general, important parameters include: [8]
(a) Sorption/desorption kinetics;
(b) CO2 capacity;
(c) Operating window, including sorption and desorption temperatures;
(d) Regenerability and multicycle stability;
(e) Impact of common flue gas components or contaminants;
(f) Cost of sorbent materials.
Kinetics and capacity together determine the CO2 removal bed size, and smaller size
normally indicates lower cost. Operating windows of many existing sorbents result in large
energy costs. For example, a CaO-based sorbent can capture CO2 at ~600 °C, however a much
higher temperature (~900 °C) is necessary for regeneration. Extra heat needs to be supplied to
increase the temperature in addition to the heat needed to drive the endothermic reaction. In pre2

combustion, when the low temperature amine-based sorbent is used for CO2 capture, the gas
stream needs to be cooled prior CO2 stripping and then re-heated due to the low operating
temperature of the sorbent. A proper operating window that is compatible with an industrial
process and a smaller operating window that lowers regeneration cost are desired. Multi-cycle
stability and resistance to contaminants is an important factor for how practical a sorbent
material is. Due to degradation over cycles, a makeup flow of fresh sorbent material is needed. A
higher flow of the makeup sorbent is the result of more degradation or less resistance to
contamination, which correlates with a less practical or more expensive CO2 capture process [9].
1.3 Typical CO2 sorbent materials
There are many classes of sorbent materials that are considered for CO2 capture
application for different industrial processes. Depending on the chemistry of the materials, they
include inorganic, organic and organic-inorganic sorbents. Depending on the CO2 capture
mechanism, materials can be divided into physisorbents and chemisorbents. Sorbent materials
can also be categorized based on the sorption temperatures, and they will include high (above
500 °C), warm (between 200-500 °C ), and low temperature (below 200 ˚C) absorbents [10]. The
categorization based on sorption temperature will be used for the discussion below.
1.3.1 Low temperature sorbents
1.3.1.1 Aqueous amine and amine-based solid adsorbents
CO2 removal by absorption and stripping with aqueous amine is a widely used
technology. The basic process, patented in 1930 [11], is one in which CO2 is absorbed from a
fuel gas or combustion gas near ambient temperature into an aqueous solution of amine with low
volatility. The sorbent comprises roughly 30 to 40 wt.% amine in H2O. The amine is regenerated
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by stripping with water vapor at 100 to 120 °C, and a large energy cost is paid to heat H2O in the
aqueous amine solution during amine-regeneration [12].
There are several different mechanisms for the interaction of CO2 with different amines.
As first reported by Caplow [13], primary and secondary amines can react directly with CO2 to
produce carbamates through the formation of zwitterionic intermediates. Tertiary amines react
with CO2 through a different mechanism. Instead of direct reaction with CO2, tertiary amines
catalyze the formation of bicarbonate through base-catalyzed hydration of CO2 for the reaction
of CO2 with tertiary amines, as first reported by Donaldson and later reviewed by Kenig [14, 15].
Disregarding the different reaction mechanisms, the chemical interactions of CO2 with amine
take place below 100 °C, which sets an upper limit for the absorption temperature of amine
based sorbents. This technology is widely used for most post-combustion process where CO2 is
captured at ambient or low temperature. It is also proposed to be used for pre-combustion
processes, however the gas stream needs to be cooled prior to CO2 scrubbing and then re-heated
afterwards, which causes an large energy penalty [16].
Besides the large energy cost required for regeneration, other disadvantages for aqueous
amine include material degradation, evaporation and vessel corrosion. Amines immobilized on a
solid support, such as porous silica [17] have advantages over those mentioned aspects. Since the
absorption remains the interaction between CO2 and amine, solid amine is also a low temperature
CO2 sorbent material.
1.3.1.2 Zeolites
Zeolites are porous crystalline aluminosilicates, with a framework structure consisting of
periodic arrays of SiO4 and AlO4. They have open structures containing pores with molecular
dimensions that provides their unique ability of molecular sieving. An infrared spectroscopy
4

study of CO2 adsorption on the zeolites X and Y (FAU) revealed that CO2 mainly interacted with
zeolites through physisorption, though a small amount of chemisorption was also observed [18,
19]. With the physisorption nature, zeolites are mainly used for CO2 absorption at or below room
temperature. It was reported that the CO2 adsorption capacities of zeolites 13X and 4A were
about 3.64 and 3.07 mmol g-1 respectively at 25 ˚C and 1 atm of CO2 partial pressure [20].
However, the CO2 uptake decreases significantly even with a small increase of the operating
temperature, which limits the practical application of zeolites as CO2 absorbents since the
temperature of power plant flue gas is at 50-120 °C [21, 22]. In addition, competitive adsorption
of H2O is known to influence the CO2 adsorption properties of zeolites.
1.3.1.3 Active carbons
Another promising porous material for CO2 absorption is activated carbon. A great
advantage of this type of materials is the low cost of the raw materials. Cheap resources can be
coal, industrial byproducts (e.g., petroleum), and wood or other biomass sources (e.g., coconut
shells). The CO2 absorption capacities of active carbons are generally lower than those of
zeolites. At 298 K and a pressure of 1 bar, an absorption capacity of 2.1 mmolg-1 was achieved in
an isotherm test [23]. The CO2 absorption on active carbons is also through physical adsorption
and, as expected, CO2 adsorption capacity decreases rapidly as temperature increases.
1.3.1.4 Metal-organic frameworks
Driven by the diverse structure and chemical properties and broad application potential
such as in gas separation and heterogeneous catalysis, great progress has been made in
developing metal-organic frameworks (MOFs). These materials can have an exceptionally high
surface area of 1500-4500 m2g-1. This is contributed by the three dimensional extended network
with uniform pore diameters in the range of 3-20 Å, composed of organic bridging ligands
5

coordinated to metal-based nodes [24-27]. This high surface area of MOFs provides enhanced
CO2 absorption compared with zeolites. It was reported that the framework [Zn4O(btb)2] (MOF177) with a surface area of 4500 m2g-1 has a CO2 absorption capacity of 33.5 mmolg-1 at ambient
temperature and a CO2 pressure up to 42 bar, which was about three times higher than the
absorption capacity on zeolite 13X under similar operation condition [28]. Similar to zeolites,
MOFs also require a low operation temperature, usually at room temperature even at pressurized
condition, and with many MOFs competitive adsorption by water is a consideration.
1.3.1.5 Ionic liquids
With the extremely low or no measurable vapor pressure and exceptional thermally
stability, ionic liquids attract interest for a range of important industrial processes and constitute
another class of CO2 sorbent materials. Ionic liquids comprise combinations of large organic
cations and smaller inorganic anions and are typically in liquid form near room temperature. The
mechanism of CO2 sorption with the ionic liquid is generally based on physisorption. However,
using these materials for CO2 absorption often suffers from slow sorption rates. Despite the
general promise of ionic liquids for CO2 separation, practical application of this type of materials
demands the development of new ionic liquids [29].
1.3.2 Warm temperature sorbents
The emerging area of sorption enhanced reaction process (SERP) for hydrogen
production by steam-methane reformation (SMR), in which Air Products and Chemicals, Inc. has
been leading the study, has generated great interest in the development of new materials which
can reversibly and selectively absorb CO2 in the temperature range of 200-500 °C with
acceptable sorption working capacity (>0.5 mol/Kg) [30]. This is also a promising precombustion CO2 capture technology. A key requirement for practical utilization of the SERP
6

concept for H2 production by SMR is the availability of a sorbent that can selectively remove
CO2 from a gas stream at moderately high temperatures in the presence of a large partial pressure
steam. The sorbent is also expected to be easily regenerated through pressure swing absorption
and the sorption-desorption kinetics are relatively fast [31]. Air Products and Chemicals, Inc.
made novel progress in developing sorbent materials for the warm temperature range and
developed proprietary materials including potassium carbonate-promoted hydrotalcite, and
MgO-contained double salt [31, 32].
1.3.2.1 Hydrotalcites
Hydrotalcite compounds, also known as layered double hydroxides, provide unique
properties such as adsorption capacities, mobility of the anions, large surface areas and structural
stability. They have received considerable attention for a wide range of applications in catalysis
and adsorption. Figure 1.2 shows the isotherms for CO2 sorption on K2CO3-promoted
hydrotalcite [30]. The optimum operating temperature for K2CO3-promoted hydrotalcite is 400
˚C and an absorption capacity of 0.85 mmol CO2/g-1 absorbent can be achieved. An
exceptionally high capacity exceeding 15 mmol*g-1 with an average sorption rate of 0.13
mmol*g-1*min-1 was reported with a similar hydrotalcite material. However, it required an
operation condition of partial pressures of both CO2 and steam over 20 bar, which made it
impractical. In addition, it was suggested that the presence of specific carbonates (MgCO3) was
responsible for the significant CO2 uptake. According to the equilibrium of Mg(OH)2 formation
from MgO in steam [33], Mg(OH)2 is likely to form under the given pressurized and high steam
environment, which accounts for the subsequent CO2 uptake rather than hydrotalcite formation.
The loss of the hydrotalcite phase in the study also confirms this.
1.3.2.2 Magnesium oxide and magnesium oxide based double salts
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Unmodified MgO has a very low capacity of 0.24 mmol/g at 200 °C (a preferred
temperature for CO2 absorption based on thermodynamic considerations) [34], indicating poor
absorption kinetics at that temperature. However, higher temperature operation is limited by
thermodynamic equilibrium: MgCO3 decomposes to MgO and CO2 above 300 ˚C (at 1 bar CO2
pressure). At higher pressures, higher operating temperatures are possible and the performance of
MgO could improve, but the observed low kinetic rates and capacities remain a concern.
Recently, several MgO-based materials with significantly better performance have been reported
to selectively and reversibly absorb CO2. An absorption capacity of 3.37 mmol/g was reported
for Mg(OH)2, however, the operation of this sorbent is limited to the temperature range of
200~315 °C [33] and requires rehydroxylation of MgO in regenerating the sorbent. A U.S. patent
covering MgO-based double salt sorbents, also described as alkali promoted MgO-based
sorbents, reports a broad capacity range of 1.1-12.9 mmol/g depending on the conditions of
synthesis, with a highest regenerable capacity of 11 mmol/g demonstrated through PSA at 375
˚C [32]. Double salts are salts containing more than one cation or anion, obtained by combining
two different salts which are crystallized in the same regular ionic lattice. However, no
subsequent reports or reproducible data for the high capacity of 11~12.9 mmol/g on the same
material system have been provided. In the open literature, when following the preparation
procedures described in the double salt patent, a Na-Mg double salt absorbent only showed a
capacity of 4.7 mmol/g at 375 ˚C [35]. In addition, the authors noted having difficulty in
generating reproducible samples. A recent paper by Xiao et al. describes a double salt material
based on MgO plus K2CO3 that had a maximum capacity of 8.69 wt.% (~2 mmol/g) as measured
by TGA at 375 oC using a pure CO2 stream at atmospheric pressure [36]. A regenerable capacity
(N2 as the purge gas) of 7.69 wt.% (~1.7 mmol/g) was reported. This material showed a
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substantially lower capacity at 400 ˚C. Although the reported high capacity of the MgOcontained double salt absorbent is extremely interesting, challenges have been encountered while
reproducing the result and there has been a lack of understanding regarding the operating
mechanism of the material.
1.3.3 High temperature sorbents
1.3.3.1 Calcium oxide
Similar to magnesium oxide, calcium oxide has been studied as an absorbent for CO2
through its carbonation reaction, where one mole of calcium oxide can chemically combine a
stoichiometric equivalent of CO2 to form calcium carbonate through the following exothermic
reactions:
(Equation 1-1)
The theoretical maximum CO2 absorption capacity on CaO is 17.9 mmol*-1, based on the
assumption of 100% conversion of MgO into MgCO3. However, limited by mass diffusion,
which can also be illustrated by the “core-shell” model of gas-solid reactions [37], the actual
capacity is lower than the theoretical maximum value due to the presence of a core of unreacted
CaO covered by CaCO3. The actual capacity is affected by many factors, including CaO particle
size and morphology, reaction temperature, CO2 partial pressure, and the presence of steam.
Figure 1.4 [38] provides the achieved CO2 conversions when operating at different temperatures.
Based on thermodynamic equilibrium, it is also favorable for CaO to combine with CO2 below
the normally adopted absorption temperature of 500-700 ˚C. However, according to the data
shown in Figure 1.4, the absorption rate becomes very slow at 400 ˚C, which is believed to be
limited by poor mass transfer at lower temperatures.
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A challenge encountered when using CaO as CO2 absorbent material is its rapid
performance decay over cycles due to particle sintering. Many efforts have been made to
stabilize the performance of CaO absorbent. Feng etc. achieved improved stability with alumina
stabilized CaO as shown in Figure 1.5 [39] and Li etc. conducted a study using MgAl2O4 as a
stabilizing the structure of CaO and the obtained absorbent demonstrated only a slight
degradation over 100 test cycles [40, 41].
1.3.3.2 Lithium zirconate and orthosilicate
S. Nakagawa developed the CO2 separation technology based on the chemical reaction
using lithium zirconate (Li2ZrO3) [42]. Furthermore, lithium orthosilicate (Li4SiO4) has been
developed as a new CO2 absorbent. The CO2 absorption on these two materials is described in
equations (1-2) and (1-3) respectively.
( )

(Equation 1-2)

( )

(Equation 1-3)

Li4SiO4 is considered a lower cost material since SiO2 is used during synthesis while
more expensive ZrO2 is used for Li2ZrO3. Li4SiO4 also demonstrates more promising absorption
performance as shown in Figure 1.6. Both the two materials require an operation above 500 ˚C.
The addition of eutectic salt (e.g., Li2CO3/K2CO3) to Li2ZrO3 increases the CO2 sorption
rate when compared to the pure Li2ZrO3. According to Ida reported [43], the rate-limiting step in
the pure Li2ZrO3 is the diffusion of CO2 in the solid Li2CO3 that is produced. In the modified
case, the addition of eutectic salt melts during operation and CO2 diffuses through the molten
carbonate at a much faster rate. The detailed mechanism is illustrated in Figure 1.8.
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1.4 Challenges and controversies over warm temperature sorbents
So far, hydrotalcite based materials are the most promising candidates for warm
temperature CO2 separation, though the capacity is much lower than what can be achieved
through metal oxide sorbents such as calcium oxide and lithium salts. However, the metal oxidebased absorbents that interact with CO2 through bulk chemical reactions suffer from poor
reaction kinetics at warm temperature, and consequently they are only used for high temperature
operation. On that other hand, those low temperature sorbents which interact with CO2 mainly
through physisorption lose substantial capacity at elevated temperature.
The rationale above makes it more unexpected about the case of MgO contained double
salt absorbent to have an exceptional high capacity at 375 ˚C without requiring high reaction
pressures. We questioned why the results of the study could not be repeated. There is also a lack
of understanding regarding the reaction mechanism. With these questions in mind, we started our
research inquiry on this topic.
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Figure 1.1

Figure 1.1. IGCC with SEWGS vs. Conventional IGCC.
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Figure 1.2

Figure 1.2. CO2 chemisorption isotherms on K2CO3-promoted hydrotalcite.
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Figure 1.3

Figure 1.3. Pressure swing test results for various MgO-containing double salts.
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Figure 1.4

Figure 1.4. Effect of temperature on the reaction of 137 μm (100-120 mesh) CaO particles with
CO2.

15

Figure 1.5

Figure 1.5. Evolution of the maximum carbonation capacity of CaO from different authors with
the number of carbonation/calcination cycles [44-46].
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Figure 1.6

Figure 1.6. TG curves for Li4SiO4 and Li2ZrO3 obtained at 500 °C in 2% CO2 at atmospheric
pressure.
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Figure 1.7

Figure 1.7. Schematic illustration of carbonation mechanism on pure and modified Li2ZrO3.
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Table 1.1
Sorption T

Sorption

Capacity

Sorbent

Description
(°C)

PCO2 (bar)

-1

(mmol*g )
Bulk reaction. Re-

Mg(OH)2

200-315

1

>3

hydroxylation is needed
during regeneration.
Surface adsorption. This

Mesoporous
100

0.15

>2

capacity drops significantly

MgO
at higher temperature.
Surface adsorption.
K2CO3-promoted
400

1-3

0.8-0.88

General formula:

hydrotalcite
Mg6Al2(CO3)(OH)16∙4(H2O)
Bulk reaction. Requires
K2CO3-promoted
350

>20

15.1

high partial pressure of CO2

hydrotalcite
and steam (>20 bar).

Table 1.1. Properties of promoted MgO based sorbents in literature.
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Chapter 2: Resolving controversies over double salt absorbents
Given the attractive operating temperature range and potential capacity of the double salt
materials for CO2 capture and release, but with differing reports regarding performance, the
MgO-based double salt material is investigated further in this work. Here are described
investigations aimed at developing an increased understanding of the key phases present and
their transformations upon capture and release of CO2. This in turn will provide knowledge
leading to identifying directions for improving the reproducibility of the sample synthesis and
optimizing CO2 capture performance.
2.1 Reproduce the double salt absorbent preparation
The Na2CO3-MgO double salt absorbent preparation procedures were reproduced to
obtain the Na2CO3-promoted MgO sorbents described in the Air Products patent [47]. At room
temperature, 3.01 grams of Na2CO3 (99.95%, Sigma Aldrich, USA) powder were gradually
added over 5 minutes to a rapidly stirred solution prepared by dissolving 2.43 grams of
Mg(NO3)2·6H2O (99.0%, Fluka Analytical, Germany) in 30 ml deionized water. The reactant
ratio of Na2CO3 to Mg(NO3)2·6H2O is approximately 3:1, corresponding to about 50% molar
excess of Na2CO3 relative to that required to form the stoichiometric double salt. A white slurry
formed immediately. The stirring continued for one hour, and then the mixture was allowed to
settle for 24 hours. The precipitate was separated by filtration without additional water washing.
It was noticed that the filtration step was not described in details and the level of wetness, which
correlated to the solution residue, may vary. The wet cake was oven dried at 120 °C for 16 hours,
and then activated at 400 °C for 3 hours in air, with a 5 °C/min heating and cooling rate. The
yield from this synthesis was 0.7-0.8 gram.
2.2 Sorption test and characterization of the reproduced sample
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The multi-cycle absorption capacity of the synthesized absorbent was measured using a
thermogravimetric analyzer (TGA, Netzsch Thermiche Analyses, STA 409 cell) both through
temperature swing absorption (TSA) and pressure swing absorption (PSA) at ambient pressure.
The weight of the absorbent sample for each test was approximately 20 mg. Operating
temperatures for both TSA and PSA were determined by conducting initial trial tests at various
temperatures. The temperatures that provided a combination of high capacity and fast
absorption-desorption rates were selected. Based on the initial test results, an absorption
temperature of 380 °C and a desorption temperature of 470 °C were selected for TSA tests.
Similarly, 400 °C was selected for the PSA tests. The initial heating from room temperature to
the absorption temperature for both TSA and PSA tests was conducted in 100% N2 to avoid
absorption before reaching the desired temperature. For TSA, during each cooling step from 470
°C to 380 °C, the surrounding gas was 100% N2. The remaining steps during the temperature
swing between 380 °C and 470 °C were in 100% CO2. The absorption and desorption time
durations were 60 minutes and 10 minutes, respectively. The PSA tests were carried out by
exposing the sample to alternating 100% CO2 for 30 minutes and 100% N2 for 60 minutes at 400
°C. The absorption heat was measured along with the TG tests through differential scanning
calorimetry (DSC). In order to calibrate the device, the heat of fusion of high purity NaNO3
(99.995%, Sigma Aldrich) was measured by heating to 400 °C in N2, and a correction factor was
obtained which was applied to the measured CO2 heat of absorption value.
The phase components of the absorbents were identified by X-ray diffraction (XRD,
Bruker D8 ADVANCE) using both standard and in situ measurements, with a scanning rate of
2°/minute, using Cu Kα radiation. CO2 absorption during in situ XRD measurements was
conducted through temperature swing between 380 °C and 470 °C in a 100% CO2 environment.
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About 0.5 grams of absorbent was loaded for the XRD measurement. The absorbent was
preheated to 380 °C in 100% N2 to avoid absorption before reaching the desired temperature.
After reaching 380 °C, the gas was switched to 100% CO2 and the following measurement was
conducted through temperature swing between 380 °C and 470 °C in a 100% CO2 environment.
During absorption, the scan was taken after the absorbent being exposed to CO2 at 380 °C for 30
minutes. After the scan was complete, the temperature was increased to 470 °C, and the scan for
desorption was taken after the absorbent being exposed to 470 °C for 20 minutes. Scanning
electron microscopy (SEM) analysis was conducted using a JEOL JSM-5900LV microscope.
2.3 Results and discussion
2.3.1 Absorbent chemistry during synthesis
During the preparation of the absorbent, the phase components were identified by XRD:
after filtration in the form of wet paste; after drying in the form of a dry cake; and after activation
in the form of a powder. The results are shown in Figure 2.1. The wet paste is seen to consist
mainly of dypingite (Mg5(CO3)4(OH)2∙5H2O), shown in Figure 2.1(a). There are unidentified
peaks that can likely be attributed to other hydrated forms of the precipitated salts. The dried
cake is composed of Mg5(CO3)4(OH)2∙4H2O, NaNO3, and Na2Mg(CO3)2, as shown in Figure
2.1(b). The presence of Na2Mg(CO3)2 and NaNO3 indicate there are unidentified components in
the wet cake besides Mg5(CO3)4(OH)2∙5H2O. According to the chemical reaction upon mixing
given in equation 2-1, there is byproduct NaNO3. Based on the reactant ratio, there is also excess
Na2CO3 after converting Mg(NO3)2 into carbonate. Both the Na2CO3 in excess and the byproduct
NaNO3 have high solubility in water (215 g/L and 912 g/L respectively). Certain amounts of
these two components remain in the wet cake after filtration, mainly in the retained water. The
two components are not observed in the XRD measurement of wet cake due to their being a
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dissolved state. Dypingite loses some of its crystalline water during drying and becomes
Mg5(CO3)4(OH)2∙4H2O. As water evaporates, NaNO3 precipitates out as crystals and is observed
in the X-ray diffraction patterns. Surprisingly, Na2CO3, is not observed; rather, Na2Mg(CO3)2 is
found, which indicates that the reaction in equation 2-2 takes place during drying and consumes
the Na2CO3.
(

)
(

(Equation 2-1)
) (

)

(

)

(Equation 2-2)

Figure 2.1(c) shows that the phase components of the absorbent after activation are MgO,
Na2CO3, and NaNO3, which indicates the decomposition of both Mg5(CO3)4(OH)2∙4H2O and
Na2Mg(CO3)2. With a melting point of 308 °C, NaNO3 experiences a melt-solidify process
during activation. Molten NaNO3 has a creep tendency and can spread out instantly and cover the
surface of many oxides and metals [48]. The smooth morphology of some of the material
observed by SEM (Figure 2.2) is the result of melted and re-solidified NaNO3. However, only a
partial fraction of the components in the activated absorbent mixture is covered by NaNO3; there
are also uncovered coarse surfaces present.
Based on the results, the chemical interactions during the absorbent synthesis include:
i.

during solution mixing, Mg5(CO3)4(OH)2∙5H2O (dypingite) forms and precipitates out
upon the contact of Mg(NO3)2 and Na2CO3, and NaNO3 exists as a reaction by-product;

ii.

during filtration, white precipitate Mg5(CO3)4(OH)2∙5H2O together with Na2CO3 and
NaNO3 dissolved in solution residue constitutes the components of the wet cake, and the
rest of Na2CO3 and NaNO3 were removed through filtered solution;
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iii.

during the drying process, Na2CO3 in the wet cake combines with Mg5(CO3)4(OH)2∙5H2O
and forms Na2Mg(CO3)2 (eitelite), the excess Mg5(CO3)4(OH)2∙5H2O losses one
crystalline water and converts to Mg5(CO3)4(OH)2∙4H2O (hydromagnesite), and the
NaNO3 precipitate out and remains in the absorbent precursor as water evaporates;

iv.

during the activation process, both Na2Mg(CO3)2 and Mg5(CO3)4(OH)2∙4H2O
decompose, while the NaNO3 remains in the absorbent mixture after melting and recrystallization.

2.3.2 Evaluation of CO2 absorption
The TGA results from the first three absorption–desorption cycles of ten-cycle PSA and
TSA tests with Na2CO3-promoted MgO absorbent are shown in Figure 2.3. The ten-cycle PSA
and TSA capacities of Na2CO3-promoted MgO absorbent are presented in Figure 2.4. This
demonstrates that the Na2CO3 promoted MgO absorbent functions in both TSA and PSA modes.
For both processes, the absorbent weight increased by 15 % over multiple cycles, representing a
CO2 absorption capacity of 3.4 mmol/g. The initial capacity remained relatively stable, with a
slight degradation over the next nine cycles. The absorbent tested through TSA experienced
more degradation than when it was tested through PSA. This is probably due to the higher
regeneration temperature for TSA than that for PSA, causing a small amount of structural
degradation of the absorbent.
The dynamic phase changes occurring during the absorption cycles are shown in Figure
2.5, using temperature swing between 380 °C and 470 °C in a 100% CO2 environment. The XRD
patterns show that the stoichiometric double salt phase, Na2Mg(CO3)2, appears during absorption
and disappears (decomposes) during desorption. Correspondingly, the Na2CO3 peak strength
decreases to a very low level after absorption, showing that most of it is consumed through
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Na2Mg(CO3)2 formation, and it increases after regeneration, showing that CO2 is released. We
conclude that CO2 absorption proceeds through the reversible formation of Na-Mg double salt
following the reaction equation 2-3:
( )

(

)

(Equation 2-3)

It can be seen from Figure 2.5 that there is excess MgO and insufficient Na2CO3 for
additional double salt formation. Since the Na2CO3 is consumed during CO2 absorption through
Na2Mg(CO3)2 formation, its amount can be calculated through the observed absorption capacity.
NaNO3 salt begins to decompose into NaNO2 at around 500 °C, and its complete decomposition
into Na2O was observed after 800 minutes at 649 °C [49, 50]. In order to speed up the complete
decomposition rate in order to measure the NaNO3 amount, the absorbent mixture was heated up
to 800 °C and the decomposition completed at 750 °C. By measuring the mass loss, the amount
of NaNO3 contained in the absorbent was calculated to be ~ 12 wt.%. The mass balance
calculation shows that this absorbent contains 36 wt.% Na2CO3, 52 wt.% MgO and 12 wt.%
NaNO3. The amount of MgO in the product is consistent with the amount of the starting material
Mg(NO3)2·6H2O. It should also be noted that the peak shift at different temperatures is due to
lattice expansion, and it is clearly observed in the case of Na2CO3. The NaNO3 phase cannot be
seen during the absorption process since it melts and loses its crystal structure and becomes
undetectable by X-ray.
Based on the X-ray spectral results, it can be concluded that a fraction of the MgO
combines with Na2CO3 to form the double salt during the absorption process. The remaining
MgO, which doesn’t have available Na2CO3 in its proximity, remains as pure MgO. It displays
virtually no absorption capacity under the given conditions, i.e., no MgCO3 peak is identified in
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the absorption cycles in Figure 2.5. As shown in Figure 2.1(b), Mg exists in two different forms
in the precursor: Na2Mg(CO3)2 and Mg5(CO3)4(OH)2∙4H2O. After activation, both Na2Mg(CO3)2
and Mg5(CO3)4(OH)2∙ 4H2O decompose. The proposed conversions of the different compounds
involved in the absorption cycles are illustrated in Figure 2.6.
Since double salt is formed during CO2 capture, yet some MgO appears to not participate,
this suggests that increasing the initial amount of Na2CO3 should lead to more double salt
formation and higher capacity. This will be discussed in the next chapter of the thesis. The
theoretical CO2 absorption capacity for Na2CO3-promoted MgO when producing Na2Mg(CO3)2
is 29.3 wt.% (6.5 mmol/g). This is much lower than the reported 11 mmol/g for the best
absorbent reported in the Air Products patent when the same synthesis procedures are followed
[32]. It is suggested in that work that a non-stoichiometric double salt compound forms during
absorption, which would imply that the excess MgO can also react with CO2 and as a result
increase the capacity. The formation of non-stoichiometric double salt is indeed observed and
will be discussed in a later part of this chapter. Although the capacity reported here is lower than
the maximum capacity of 11 mmol/g, this capacity is still high compared to other literature data
for MgO-based absorbents, and the material shows decent stability [33, 35, 36, 51].
This finding about the CO2 absorption through Na-Mg double salt formation also
indicates that the amount of retained Na2CO3 in the initial synthesis step directly affects the
performance. The amount of Na2CO3 retained in the filter cake is difficult to control, and this
becomes one of the reasons for the sensitive nature of the synthesis technique.
2.3.3 Thermodynamic analysis
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A thermodynamic analysis of the primary phases involved in this system has been carried
out, with thermodynamic values provided by HSC Chemistry (V. 6.1, Qutotec) when available,
and by ab-initio computational calculations when they were not available, as is the case for
Na2Mg(CO3)2. The details of the computational methods have been described and presented
elsewhere [52, 53].
Calculated enthalpy and free energy changes for CO2 capture reactions by MgO, Na2O,
and MgO+Na2CO3 (double salt) are shown in Figures 2.7(a) and 2.7(b), respectively. It can be
seen that the double salt is thermodynamically more stable than MgCO3, with both a lower
enthalpy (by ~24 KJ/mol) and lower Gibbs free energy of formation (by ~35 KJ/mol) over the
warm temperature range of interest. As a result, the driving force for Na2Mg(CO3)2 formation is
larger than MgCO3 formation at equivalent conditions. The Gibbs free energy changes of these
CO2 capture reactions, provided in Figure 2.7(2-c), show the temperature at which ΔG=0 at 1 bar
CO2 pressure. MgO can capture CO2 to form MgCO3 up to 300 oC through equation 2-4:
( )

(Equation 2-4)

Above 300 °C, thermodynamically it is more favorable for MgCO3 to dissociate to MgO. In the
presence of Na2CO3, however, as described in equation 2-3, the thermodynamic data predict that
MgO can capture CO2 at temperatures up to 520 °C by forming double salt Na2Mg(CO3)2, due to
its greater stability. We note that in our TSA experiments, we employed 470 oC for desorption,
which should not be possible as predicted by computation. Thus, we see some disparity between
theory and experiment. Na2O has a strong tendency to absorb CO2 over the temperature range
200-800 °C. However, the regeneration temperature is too high for warm CO2 capture.
Therefore, Na2CO3 contained in the synthesized sorbent mixture will remain stable in its
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carbonate form. Though not contributing to CO2 absorption by itself, it activates MgO through
Na2Mg(CO3)2 formation, thereby increasing the effective operating temperature range for CO2
capture.
2.3.4 Absorption heat measurement
Heat changes associated with the absorption reactions were measured through DSC
analysis in conjunction with the thermogravimetric measurements. The DSC peak area
associated with each absorption and desorption process is proportional to the change in enthalpy,
the heat consumed or released by the sample. The system was calibrated using the heat of fusion
of high purity NaNO3. At 400 °C, the absorption heat, which is also the formation heat of
Na2Mg(CO3)2, was calculated by taking an average of the DSC results from 10 absorption tests,
yielding a value of -122.4 KJ/mol. We estimate this value to be accurate within ±5%. According
to Figure 2.7(a), the theoretical enthalpy for Na2Mg(CO3)2 formation is -121.6 KJ/mol at 400 °C.
The experimental data is in accordance with theoretical predictions within the uncertainty of the
measurement.
2.4 Discovery of the significance of NaNO3 in the CO2 uptake
As discussed above, the absorption of CO2 at 380-400 °C is through the formation of
Na2Mg(CO3)2 and it would appear that NaNO3 is simply an impurity present in the absorbent.
With careful control, the NaNO3 contained in the absorbents with capacities of (15±2) wt.%,
prepared by the described technique, is on average 10-15 wt.%. Its selective removal would be
expected to increase the percentage of active components of the absorbent and the overall
capacity. During the preparation of the absorbent, after the drying step, the contained Na2CO3 is
fixed in the absorbent mixture through mostly forming insoluble Na2Mg(CO3)2, and some of the
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NaNO3 remaining with the absorbent can be removed through rinsing with DI water over a filter.
The washed powder was dried again and activated at 400 °C for 3 hours. The XRD pattern for
the obtained absorbent in Figure 2.8 exhibits no NaNO3 peak, indicating that the majority of the
NaNO3 is removed. The absorbent washed to remove some NaNO3 was evaluated for CO2
capacity by TGA measurement. The absorbent without washing provided a baseline. The CO2
absorption capacity dropped by 50% after it was washed as shown in Figure 2.9. 15 wt.% NaNO3
was then re-introduced by physical mixing into the absorbent. The capacity was increased from
~7 wt.% to 12 wt.%, also shown in Figure 2.9. This confirms the amount of NaNO3 in the
absorbent has a significant influence on the absorbent, and the capacity appears to correlate with
NaNO3 loading. It is possible that NaNO3 plays an important role in the absorbent by facilitating
the formation of Na2Mg(CO3)2.
NaNO3 melts and becomes a thin layer of molten salt during the operation of both TSA
and PSA processes. The effect of molten salt in enhancing CO2 absorption with a solid absorbent
at warm temperature was also observed in Li2ZrO3 powder [42]. The added K2CO3 was able to
form a eutectic molten salt with the product compound Li2CO3. During continuous reaction, CO2
could diffuse through the liquid layer instead of through the solid Li2CO3 particles, as was the
case without K2CO3. The differences in the CO2 diffusion processes in the solid- and liquid
phases presumably influence the CO2 absorption rate. In the case of this study, little information
is known about the absorption product Na2Mg(CO3)2 and its interaction with NaNO3. Neither
Na2CO3 nor MgCO3 form a eutectic with NaNO3, although Na2CO3 has 3-4 wt.% dissolution in
NaNO3 at 400 °C [54]. With its high wetting property over many ceramic surfaces, it is possible
that NaNO3 penetrates the product double salt grain boundaries and provides a liquid “channel”
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for fast CO2 diffusion during absorption. Further study is clearly needed on this point and will
discussed in the later part of the thesis.
The observation of the important role of NaNO3 also points out another reason for the
difficulty of reproducing this synthesis technique. During filtration, NaNO3 is retained in the
absorbent in a similar way as Na2CO3, which makes its final concentration poorly controlled and
variable from batch to batch. In order to provide a reproducible and scalable synthesis, alternate
synthesis methods need to be developed. Progress on this topic will be reported in the next
chapter.
2.5 Effect of operating window on absorbent performance and the discovery of nonstoichiometric double salt operation
2.5.1 High initial absorption peak with different operations
During the initial TGA evaluation of the obtained absorbent by repeating the patent, the
absorbent was preheated in N2 in both PSA and TSA tests to avoid CO2 uptake prior reaching the
desired operation temperature. In another set of experiment, the same absorbent was preheated in
CO2. A very different absorption behavior was observed, as shown in Figure 2.10. For the same
PSA test at 400 °C, when ramping up in CO2, there was a high initial CO2 absorption of 32 wt.%
in the first cycle. The subsequent cycles appeared similar. In order to analyze the different
chemical interactions involved in the absorption test with ramping up in CO2, a similar in situ
XRD experiment was conducted, and the result was given in Figure 2.11. By correlating the
phase components at each stage of the absorption cycles, the involved chemical reaction can be
inferred. Comparing the in situ XRD results in Figure 2.11 and Figure 2.5, it was evident that the
extra high initial absorption peak was contributed by MgCO3 formation along with
Na2Mg(CO3)2, while only Na2Mg(CO3)2formed and excess MgO stayed unreacted in the
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absorptions with lower uptake. This is consistent with our previous argument that the extremely
high absorption capacity reported by Air Products patent is a result of non-stoichiometric double
salt formation which includes both MgCO3 and its stoichiometric double salt formation, in this
case the stoichiometric double salt Na2Mg(CO3)2. However, the non-stoichiometric formation
was lost after the initial cycle and only the stoichiometric part was regenerable during
consecutive cycles. So far we revised the challenge of reproducing the extremely high capacity
reported in the patent to how to maintain the non-stoichiometric formation over cyclic
operations.
Though the formation of MgCO3 together with Na2Mg(CO3)2 is described as nonstochiometric double salt formation, it does not necessary mean the two components forms a new
compound. Based on the current XRD data, it appears that the two remain as a simple physical
mixture.
2.5.2 Re-evaluation of MgCO3 thermodynamic equilibrium
When comparing the two different sets of PSA tests with ramping up in N2 or CO2, it
appeared that the lower temperature the absorbent was exposed to in CO2 accounted for the
MgCO3 formation, which contributed to the high initial absorption. This is consistent with the
fact that MgCO3 has a lower equilibrium temperature (300 °C) as suggested by HSC. However,
this was in contradiction to the observation that the high initial absorption did not experience
interruption till reaching a temperature of 400 °C and the switching of atmosphere from CO2 to
N2. The equilibrium of MgO reacting with CO2 was double checked using the Factsage database,
which suggested a higher equilibrium temperature of 380 °C under the same standard condition
(Partial pressure of CO2 equals to 1 atm). We believe this is consistent with our experimental
observation, and the value suggested by HSC is not accurate.
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The correction of MgCO3 equilibrium temperature to 380 °C pointed out an important
detail that the absorption temperature used in Air Products patent was 375 °C, which was below
the equilibrium temperature of MgCO3 and that might be the key reason that enabled the
operation of non-stochiometric double salt over cycles. MgCO3 formation provides much higher
theoretical capacity than Na2Mg(CO3)2 and thus the non-stochiometric component needs to be
high in MgCO3 rather than Na2Mg(CO3)2 which suggests a lower content of Na2CO3 in the
absorbent mixture. This also suggests that the relative ratio of the three components (MgO,
Na2CO3, and NaNO3) were crucial to the performance of the absorbent. Optimizing the
performance through chemistry and operating window tuning were conducted after the
development of an alternative preparation method. This will be discussed in the following
chapter.
2.5.3 Pre-melting phenomena
The CO2 uptake during ramping up in Figure 2.11 initiates around 250 ˚C, which is
below the melting point of NaNO3 (308 °C). This is in contradiction with our previous
discussion that the enhanced CO2 absorption is due to the presence of molten NaNO3. According
to literature, there is evidence that nitrate and chloride salts have a pre-fusion/pre-melting
behavior, during which a continuous solid-state transition takes place prior reaching the melting
temperatures [55]. For NaNO3, the transition persisted from 180 °C to 280 °C. Changes of
chemical properties during the pre-melting were not fully understood. We postulate here that the
enhanced CO2 uptake prior the melting of NaNO3 is due to its pre-melting behavior. This is
further discussed in Chapter 5.
2.6 Summary
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Absorbents prepared by repeating the Air Products patent showed a high CO2 capture
capacity of 3.4 mmol CO2/g sorbent in multiple cycle tests. These materials hold promise as CO2
absorbents for application from pre-combustion sources, in the warm temperature range 300-500
°C. The activated and regenerated absorbent comprises MgO, Na2CO3, and NaNO3, with MgO
and Na2CO3 in proximity to facilitate Na2Mg(CO3)2 double salt formation on exposure to CO2.
With the formation of the stoichiometric Na-Mg double salt (Na2Mg(CO3)2), the temperature of
operation of the sorbent is raised comparing to pure MgO. The heat of formation of the Na-Mg
double salt, relative to its separate component carbonates, has been determined through both
experiment and computational calculation. This work has been supported by thermodynamic
analysis using HSC as well as with ab initio thermodynamic calculations. The impurity phase,
NaNO3, contained in the absorbent is found to have an important role in enhancing the CO2
absorption. The challenges that have been encountered by others in reproducing the synthesis is
due to the difficulty to control the amounts of the key components Na2CO3 and NaNO3, which are
water soluble and may vary from batch to batch. A modified or alternate synthesis technique
needs to be developed in order improve material reproducibility and to allow scale up to larger
quantities of material. It is also found out in this study that MgCO3 is able to form along with
Na2Mg(CO3)2 during CO2 absorption when the absorption temperature is below 380 ˚C. Since
MgCO3 has a much higher theoretical sorption capacity, this indicates that the high capacity
reported in Air Products patent can be reproduced by optimizing the sorbent chemistry and
operating window.
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Figure 2.1
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Figure 2.1. X-ray diffraction patterns of Na2CO3-promoted MgO absorbent (a) after filtration; (b)
after drying; (c) after activation.
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Figure 2.2

Figure 2.2. SEM image of Na2CO3-promoted MgO absorbent.
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Figure 2.3

(a)

(b)
Figure 2.3. First 3 cycles of (a) TSA (b) PSA CO2 absorption tests of Na2CO3-promoted MgO
absorbent, ramping up in N2.
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Figure 2.4

Figure 2.4. 10-cycle TSA and PSA CO2 absorption capacity comparison for Na2CO3-promoted
MgO absorbent.
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Figure 2.5

Figure 2.5. In situ X-ray diffraction patterns of Na2CO3-promoted MgO absorbent during TSA
(380/470 °C) absorption cycles, ramping up in N2.
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Figure 2.6

Figure 2.6. The illustration of the conversions of compounds involved in absorption and
desorption processes.
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Figure 2.7

(a)

(b)
Figure 2.7. The thermodynamic properties of the reactions studied in this paper calculated from
HSC Chemistry database and ab-initio thermodynamic calculation: (a) Enthalpy change versus
temperatures; (b) Gibbs free energy change versus temperatures.
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Figure 2.8

Figure 2.8. X-ray diffraction patterns of the Na2CO3-promoted MgO absorbent washed to reduce
NaNO3.
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Figure 2.9

Figure 2.9. TGA test results of the Na2CO3-promoted MgO absorbents showing the influence of
NaNO3.
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Figure 2.10

Figure 2.10. First 3 cycles of PSA CO2 absorption tests of Na2CO3-promoted MgO absorbent,
ramping up in CO2.
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Figure 2.11

(a)

(b)
Figure 2.11. (a) In situ X-ray diffraction patterns of Na2CO3-promoted MgO absorbent during
TSA (380/470 °C) absorption cycles, ramping up in CO2. (b) TGA absorption cycles with labels
indicating when the XRD scan was taken.
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Chapter 3: Development of reproducible preparation method and demonstration of broad
molten salt promoting effect
3.1 Development of alternate synthesis method
An important message from Chapter Two is that the preparation method described in Air
Products patent does not provide a direct control over the composition of the obtained absorbent
material. The three components in the absorbent mixture, including MgO, Na2CO3, and NaNO3,
all play a key role in providing a highly effective CO2 absorption. An alternate synthesis
technique needs to be developed in order to improve material reproducibility and to allow scale
up to larger quantities of material. The first part of the work in this chapter focused on studying
the main influencing factors of the preparation method in the Air Products patent [47]. In this
study, this original method was modified for easier operation and the procedures after
modification are given in Figure 3.1. This change should not affect the chemical interactions
during the original preparation. The main influencing factors of this method are discussed below
in detail to explain the unstable nature of this synthesis method and provide guidance for the
development of a new synthesis method. The second part discussed the development of alternate
synthesis method using ball milling.
3.1.1 Influence of different process parameters in the precipitation method
3.1.1.1 Effect of mixing temperature
During mixing, one important process that takes place is the formation of
Mg4(CO3)4(OH)2∙5H2O, the precursor of Mg4(CO3)4(OH)2∙4H2O and Na2Mg(CO3)2. Mixing
temperature is considered the major factor that would affect the process. In the original method,
mixing was conducted at room temperature, which may fluctuate. Experimental experience
teaches that mixing temperatures above 30 °C provides samples with better synthesis
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regenerability. In the modified synthesis method of Figure 3.1, the mixing temperature was
maintained at 35 °C using a water bath. A lower temperature, 0 °C provided by ice-water bath,
was used and compared with the normally used 35 °C in the normal procedures. To evaluate the
effect of mixing temperatures on the subsequent chemical reactions of the synthesis, the phase
and morphology of the wet cakes obtained after filtration were characterized through optical
microscopy and XRD. The results are shown in Figure 3.2 and Figure 3.3.
According to the optical microscopic images, the precursors obtained with the two
mixing temperatures have different morphologies. For the sample prepared under standard
condition with mixing temperature of 35 °C, the precursor is composed of spherical aggregates.
From the chemical interaction study discussed in Chapter Two, it is known through XRD that the
spherical phase is Mg5(CO3)4(OH)2∙5H2O, as this is also verified in Figure 3.3a. While with the
mixing temperature of 0 °C, the precursor has morphology of elongated needles. XRD
examination (Figure 3.3b) on the wet precursors shows that the needle phase is MgCO3∙3H2O.
The results suggest that lower temperature allows MgCO3∙3H2O formation, while only
Mg5(CO3)4(OH)2∙5H2O (hydromagnesite) forms at higher temperature during precipitation. This
is consistent with the precipitation from solutions of magnesium bicarbonate and other studies on
hydrates of magnesium carbonate in the literature [56-58]. We also observed through
experimental operations that the formation of needle-like MgCO3∙3H2O during mixing changed
the filtration behavior of the mixture. Solution filtered faster under the same filtration conditions
and less solution was retained in the wet cake, and as a result less Na2CO3 and NaNO3 are
retained. After drying at 120 °C, the two obtained wet cakes are examined with XRD and the
results are given in Figure 3.4. The same phase components are observed in the two samples,
including Na2Mg(CO3)2, Mg5(CO3)4(OH)2∙4H2O, and NaNO3. It is however noticed that the peak
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intensity of Na2Mg(CO3)2 is much weaker for the sample prepared with mixing temperature 0 ˚C
as compared when mixing temperature 35 °C is used which suggests the concentration of
Na2Mg(CO3)2 is much lower. This trend in XRD is consistent with less solution being retained in
the wet cake which is prepared by mixing at 0 °C. The fact that Na2Mg(CO3)2 are able to form
from the two different wet cake precursors suggests the conversions of different forms of
hydrated

MgCO3

compounds.

Mg5(CO3)4(OH)2∙5H2O

can

be

easily

seen

as

Mg4(CO3)4(OH)2∙4H2O with one more H2O, and also its precursor. MgCO3∙3H2O can also be
seen as a precursor or a metastable phase of Mg4(CO3)4(OH)2∙4H2O, as studies show that
Mg4(CO3)4(OH)2∙4H2O is more stable than MgCO3∙3H2O at all temperatures and partial pressure
of CO2 [57]. It is reasonable to conclude that during drying at 120 °C in ambient, both
MgCO3∙3H2O and Mg4(CO3)4(OH)2∙5H2O can convert into Mg4(CO3)4(OH)2∙4H2O. For
Na2Mg(CO3)2 formation in the two samples, it can either form from Mg4(CO3)4(OH)2∙4H2O +
Na2CO3

after

both

MgCO3∙3H2O

and

Mg4(CO3)4(OH)2∙5H2O

convert

into

Mg4(CO3)4(OH)2∙4H2O or directly from MgCO3∙3H2O + Na2CO3 and Mg4(CO3)4(OH)2∙4H2O +
Na2CO3 respectively.
3.1.1.2 Effect of filtration
The filtration step decides the amount of solution residual in the wet cake which directly
relates to the concentration of Na2CO3 and NaNO3 in the absorbent mixture. Unfortunately, the
filtration step of this absorbent is under the influence of many factors and easily fluctuates. The
possible influencing factors include: pore size of filter paper, properties of filter paper such as
whether it is hydrophilic or hydrophobic, filtering time, vacuum level used for filtering, and size
of synthesis batch. Filtration not only affects the concentration of the components in the
absorbent mixture, it also affects the distribution. Scaling up the synthesis met a great challenge
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with filtration as the bottom of the filter cake, which is close to the filter paper, tended to filter
faster than the top of the filter cake. As a result, the wet cake didn’t have uniform chemistry.
3.1.1.3 Effects of drying and calcination/activation temperatures
We believe the main purpose for including this step is to evaporate most of the water
slowly, to avoid rapid water evaporation during calcination/activation at a much higher
temperature. However, it was found out that during drying step at 120 °C , Na2Mg(CO3)2 formed
from Mg4(CO3)4(OH)2∙5H2O and Na2CO3, and the excess Mg4(CO3)4(OH)2∙5H2O after the
double salt formation loss one crystalline water and converted to Mg4(CO3)4(OH)2∙4H2O. It is
not clear whether the formation of Na2Mg(CO3)2 is necessary to maintain the high activity of the
absorbent, though we had the discussion that some vestige of the Na-Mg double salt structure
must be maintained, perhaps via the proximity of the components which could enable
Na2Mg(CO3)2 to easily form again during CO2 absorption. It was also found out in this study that
Na2Mg(CO3)2 also formed when a lower drying temperature (60-120 °C) was used.
The purpose of the activation/calcination step was to decompose the magnesium
carbonate into the oxide form so it could pick up CO2 though carbonate formation. The main
guideline for selecting effective activation/calcination temperature was to allow efficient
decomposition of magnesium carbonate without decomposing the contained nitrate salt. Note
that magnesium carbonate may be in the form of Na2Mg(CO3)2 when combined with sodium
carbonate, and Na2Mg(CO3)2 has higher stability than MgCO3 and thus requires higher
decomposition temperature. Through our study we identified that 450-550 °C was an appropriate
temperature range. Higher temperature may lead to the decomposition of NaNO3 while lower
temperature is not efficient to decompose the magnesium carbonate.
3.1.2 Development of NaNO3 promoted CaCO3-MgO based absorbent
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The nature of the instability of absorbent preparation method in the Air Products patent
also related to the high solubility of both Na2CO3 and NaNO3 in the solvent water. By replacing
Na2CO3 with CaCO3, which has a very low solubility in water, promoted CaCO3-MgO was
proposed as a better material system to be prepared by the precipitation and filtration method. A
Na2CO3 solution was prepared by dissolving 2.01 grams of Na2CO3 (99.95%, Sigma Aldrich,
USA) in 15 mL deionized water, which was gradually added over 5 minutes through a rotameter
to a rapidly stirred solution prepared by dissolving 2.43 grams of Mg(NO3)2·6H2O (99.0%, Fluka
Analytical, Germany) and 2.238 grams of Ca(NO3)2∙4H2O (ACS, Fisher Scientific, USA) in 15
mL of a 15 wt% C-12 (polyoxyethyl-ene 10 lauryl ether) surfactant solution to aid the mixing
between MgCO3 and CaCO3 phases. Ca(NO3)2∙4H2O and Mg(NO3)2·6H2O was then added in a
1:1 molar ratio, with sufficient Na2CO3 to completely convert both nitrates into carbonates. A
white slurry formed immediately and was stirred for one hour. The mixture was then allowed to
settle for 24 hours. The precipitate was then separated by filtration to form a wet cake. The wet
cake was dried in an oven at 120 °C for 16 hours, and then activated for 3 hours at 400 °C with a
5 °C/min heating and cooling rate.
The absorbent prepared in this manner shows an absorption capacity of ~ 18wt.% (Figure
3.5), which is even higher than the NaNO3 promoted Na2CO3-MgO absorbent. The product after
CO2 loading, as shown in the XRD data in Figure 3.6, indicates that the absorption was through
CaMg(CO3)2 (dolomite) formation. However, the reproducibility issue still remains as the
amount of NaNO3 still easily varies from sample to sample.
3.1.3 Development of ball milling preparation procedures
The poor control over the absorbent product composition is one of the reasons leading to
the reproducibility issues of the precipitation preparation method. A preparation method using
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ball milling technique is proposed to replace the precipitation procedures. The constituent
components of the absorbent with desired ratios will be mixed through ball milling. The detailed
procedures and process parameters will be based on the understanding of the chemical
interaction of precipitation preparation method above.
3.1.3.1 First generation ball milling method
Mg5(CO3)2(OH)2∙4H2O was identified as the precursor for MgO in the obtained absorbent
mixture in the previous study. Accordingly, commercially available Mg5(CO3)2(OH)2∙4H2O
(99%, Sigma Aldrich) was used as the precursor. The designed procedures were given in Figure
3.7. The developed preparation procedures using ball milling are exemplified in the following
example which had a yield of about 50 grams of NaNO3 promoted Na2CO3-MgO absorbent. A
solution was first prepared by dissolving 25.00 grams of Na2CO3 and 7.50 grams of NaNO3 in
150 ml deionized water in a 250 ml Nalgene plastic bottle. 34.36 grams of
Mg5(CO3)4(OH)2∙xH2O powder and 192 grams of zirconia beads (96 grams of beads with a
diameter of 1 cm and 96 grams of beads with a diameter of 0.3 cm) were added to the solution.
The bottle was placed on a rotatory machine and the mixture was ball-milled for 48 hours at 60
rpm. The obtained slurry was dried at 120 °C for 12 hours to allow the evaporation of water.
Following drying, the cake was calcined at 500 oC in air, for 3 hours.
However, the obtained absorbent was found out to be un-uniform. The absorbent was
dried and calcined in a round ceramic bowl. It was found that the absorbent along the edge of the
dish was much harder and adhered to the wall, while the absorbent in middle had a softer texture.
TGA test results in Figure 3.8 also confirmed that the absorbent along the edge and in the middle
had different absorption performances. The origin of the non-uniform distribution was attributed
to nucleation of NaNO3 and Na2CO3 during drying. Both NaNO3 and Na2CO3 had high solubility
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in water and they completely dissolved in water during mixing. During drying, as water
continuously being evaporated, NaNO3 and Na2CO3 started to precipitate out. They nucleated
along the wall of the dish during drying, resulting in the absorbent on the edge being richer in
NaNO3 and Na2CO3 than the absorbent in the middle. Subsequently, NaNO3 melted during
activation and re-crystalized upon cooling back to room temperature. This melting and recrystallization cycle of NaNO3 and the good wetting property of molten NaNO3 enabled it act as
an inorganic binder and bind the other two components together. Consequently, the absorbent on
the edge had a harder texture and adhered to the wall of the dish.
3.1.3.2 Second generation ball milling method
In the second generation of the preparation method, 2-propanol was used to replace water
as the mixing agent as Na2CO3 and NaNO3 had negligible solubility in the solvent and the
product was expected to be more uniform. The modified procedures were now given in Figure
3.9. The particle size in the slurry after ball milling was about 200 nm, measured by particle
analysis using HORIBA Laser Scattering Particle Size Distribution Analyzer La-950. The
absorbent prepared by this method was evaluated in a TGA test and was found to demonstrate
uniform absorbent performance, which indicated a uniform chemistry. A preparation method was
now successfully developed which provided a direct and accurate control of the absorbent
composition.
3.2 Composition optimization for NaNO3 promoted Na2CO3-MgO absorbent for
stoichiometric double salt operation
An absorption capacity of about 18 wt.% was achieved on the sample prepared by the
ball milling method. The formation of stoichiometric Na2Mg(CO3)2 was accounted for the
observed CO2 absorption, which had a theoretical capacity of 29.3 wt.%. The practical maximum
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capacity would be lower than that since a certain amount of NaNO3 needs to be present to
facilitate the CO2 absorption kinetics though NaNO3 itself doesn’t contribute to the capacity. It
was also not clear the minimum amount of NaNO3 needed for the facilitation. With the
developed ball milling method, which allowed accurate control of the absorbent composition, the
composition optimization for this absorbent was successfully conducted as described below.
In theory, for a given NaNO3 concentration, a molar ratio of Na2CO3 and MgO 1:1 would
give the highest capacity. However, it was found in our study that excess MgO was needed to
maintain the performance stability while higher Na2CO3 content led to rapid degradation over
several cycles. The excess MgO would not participate in the CO2 absorption cycles, but might
act as a structure stabilizer in the absorbent. The phase diagram of Na2CO3-NaNO3 [54]
suggested a 3 wt.% solubility of Na2CO3 in molten NaNO3, which could be another reason for
the structure degradation of the absorbent with high Na2CO3 content. A weight percent of
Na2CO3 and MgO 1:1, which equals to 2.5:1 molar ratio, was suggested to provide optimized
material performance.
With the selected ratio of Na2CO3 to MgO (1:1 by weight), the content of NaNO3 was
varied as summarized in Table 3.1. 4-24 wt.% NaNO3 provided the optimum absorbent
performance, while absorbents with lower and high NaNO3 content showed much poorer
performance. The absorbent with the composition of 44 wt.% Na2CO3, 44 wt.% MgO, and 12 wt.%
NaNO3 provides optimized performance. The cyclic absorption test results through PSA are
shown in Figure 3.10.
3.3 Development of a broad range of molten salt promoted absorbents using the ball
milling method
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With the facile absorbent preparation method developed,, various material systems could
be explored as potential warm temperature CO2 absorbents. The molten salt promoter NaNO3
can be replaced with other molten salts such as KNO3 and LiNO3, which have melting points of
334 °C and 255 °C, respectively. Note that these different nitrate salts also have different thermal
stabilities. This suggests a direction to identify the appropriate molten salt promoter depending
on the practical application requirements. This also confirms the general promoting effect of
molten salts which leads to a highly interestingly research topic. This mechanism of the
promoting effect of molten salts is another important topic of this dissertation.
It was demonstrated previously that Na2CO3 can be replaced with CaCO3. It is
demonstrated here that it can further be replaced with K2CO3. A series of double salts such as
Na2Mg(CO3)2, CaMg(CO3)2, and K2Mg(CO3)2 can be used for CO2 absorption. NaNO3promoted CaCO3-MgO was prepared by mixing natural mineral dolomite (City Chemical) and
NaNO3 through the ball milling technique described above. Dolomite was calcined at 450 °C for
3 hours to convert into CaCO3 and MgO prior to utilization. Dolomite is an abundant naturally
available mineral and this NaNO3 promoted dolomite material system provides a highly
promising warm temperature absorbent candidate. Different double salt systems may have
different thermodynamic properties, and this can be a means to develop absorbents tailored for
processes with specific operating windows.
3.4 Summary
In conclusion, preparation procedures including ball milling and calcination were
developed to successfully provide reproducible syntheses of the discovered molten salt promoted
double salt based absorbents. With the developed preparation method, the absorption capacity of
NaNO3 promoted Na2CO3-MgO absorbent was optimized to ~ 17.2 wt.% with the composition
54

of 44 wt.% NaCO3, 44 wt.% MgO and 12 wt.% NaNO3. The molten salt promoting effect was
demonstrated in different materials systems involving different nitrate salts and double salts and
a variety of promising warm temperature CO2 absorbents were developed.
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Figure 3.1

Figure 3.1. Synthesis procedures of MgO based double salt absorbents using modified
precipitation method.
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Figure 3.2

Figure 3.2. Optical microscopic images of wet cake precursors of Na-Mg double salt with mixing
temperatures of (a) 35 °C; (b) 0 °C.
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Figure 3.3

Figure 3.3. X-ray diffraction patterns of the wet cake precursors of Na2CO3-promoted MgO
absorbent when the mixing temperature is (a) 35 °C; (b) 0 °C.
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Figure 3.4

Figure 3.4. X-ray diffraction patterns of the dry cake precursors of Na2CO3-promoted MgO
absorbent when the mixing temperature is (a) 35 °C; (b) 0 °C.
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Figure 3.5

Figure 3.5. PSA CO2 absorption test at 400 ˚C of CaCO3-promoted MgO absorbent, ramping up in
CO2.
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Figure 3.6

Figure 3.6. X-ray diffraction patterns of CaCO3-promoted MgO absorbent after CO2 loading.
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Figure 3.7

Figure 3.7. First generation of preparation procedures of MgO based double salt absorbents using
ball milling method.
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Figure 3.8

(a)

(b)
Figure 3.8. PSA CO2 absorption test at 400 °C of Na2CO3-promoted MgO absorbent, sampled
from (a) the middle, (b) the edge of the dish.
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Figure 3.9

Figure 3.9. Second generation of preparation procedures of MgO based double salt absorbents
using ball milling method.
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Figure 3.10

Figure 3.10. PSA CO2 absorption test of Na2CO3 promoted MgO absorbent with its optimized
composition ( 12 wt.% NaNO3, 44 wt.% MgO and 44 wt.% Na2CO3).
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Table 3.1

Carbonate
Additive
Na2CO3

Quantity Nitrate
CO2 Capacity, 8th Sorption
(wt.%)
cycle (wt.%)
Product
Metal Oxide (MgO) + Group-I Carbonate + Group-I Nitrate
-0
3.5
Na2Mg(CO3)2
Nitrate

Na2CO3

NaNO3

2

4.1

Na2Mg(CO3)2

Na2CO3

NaNO3

4

17.0

Na2Mg(CO3)2

Na2CO3

NaNO3

12

17.2

Na2Mg(CO3)2

Na2CO3

NaNO3

24

15.2

Na2Mg(CO3)2

Na2CO3

NaNO3

30

11.8

Na2Mg(CO3)2

Na2CO3

NaNO3

40

0.2

Na2Mg(CO3)2

Na2CO3

LiNO3

12

17.7

Na2Mg(CO3)2

Na2CO3

KNO3

12

17.1

Na2Mg(CO3)2

K2CO3

NaNO3

12

8.4

K2Mg(CO3)2

K2CO3

--

0

3.9

K2Mg(CO3)2

CaCO3
CaCO3

Metal Oxide (MgO) + Group-II Carbonate + Group-I Nitrate
NaNO3
15
19.4
CaMg(CO3)2
--

0

0

--

Table 3.1. Summary of the effect of nitrate species and concentrate on different double salt
absorbents.
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Chapter 4: Demonstration of selected absorbent in fixed bed reactor
Table 3.1 summarizes the different absorbents that have been discovered in this work.
Na2CO3-MgO absorbents promoted with different molten salts have similar performance when
absorption temperature is above 380 °C for stoichiometric double salt operation. Molten salt
promoted CaCO3-MgO absorbents have slightly higher capacity under similar operating
conditions. Since NaNO3 promoted Na2CO3-MgO is the most studied material system in our
work, here it continues to be used as the representative absorbent for a fixed bed demonstration
study. For absorption through stoichiometric double salt formation, the composition of NaNO3
promoted Na2CO3-MgO has been optimized. It is discussed in Chapter Two that by lowering the
absorption temperature to below 380 °C, which is the equilibrium temperature of MgCO3,
MgCO3 can form along with Na2Mg(CO3)2 which can significantly further increase the CO2
uptake. The non-stoichiometric double salt formation is believed to account for the reported high
capacity in Air Products patent. Tuning the composition for non-stoichiometric double salt
operation is made possible with the developed ball milling preparation method which allows
accurate control of the composition. Different operating conditions, including temperature and
duration for both absorption and desorption, are evaluated for achieving high CO2 absorption
capacity and stability. Equilibrium CO2 pressure under the selected absorption temperature will
be measured to predict the maximum CO2 removal efficiency in fixed bed reactor operation.
4.1 Effect of operating window on NaNO3 promoted Na2CO3-MgO based sorbent for nonstochiometric double salt operation
The non-stochiometric double salt contains both MgCO3 and Na2Mg(CO3)2. Since
MgCO3 has a much higher theoretical capacity than Na2Mg(CO3)2, the absorbent with a high
MgO content would indicate a high CO2 absorption capacity. An absorbent with a composition
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of 77 wt.% MgO, 11 wt.% Na2CO3 and 12 wt.% NaNO3 was prepared to study the effect of
operating windows. The theoretical capacity for the given composition was calculated to be 84.7
wt% for non-stoichiometric double salt operation. It is evident that this absorbent would have
very poor performance for stoichiometric double salt operation, as only a small amount of
Na2Mg(CO3)2 can form with the low content of Na2CO3. This is confirmed in the PSA test at 400
°C shown in Figure 4.1. The high initial peak was due to MgCO3 formation at low temperature
during ramping up. It was concluded in our previous study that Na2Mg(CO3)2 was a more stable
compound and had a higher equilibrium temperature as compared with MgCO3. The
thermodynamic equilibrium temperature of MgCO3 at PCO2=1 atm is 380 °C. We then adopted
375 °C as the absorption temperature. This is also the temperature used in the PSA test described
in the Air Products patent which had the highest reported capacity. The test result is shown in
Figure 4.2. During the first absorption, the absorbent reached a CO2 absorption of about 70 wt.%.
In the consecutively cycles, it appeared that the regeneration was not complete, and the CO2
released per cycle decreases with time until reaching a steady state after about 5 cycles, with a
total CO2 capacity (release and reabsorption) of ~20 wt.%. It can also be seen that in the cycling,
the position of the weight gain and loss relative to the original material weight is high, i.e. the
change in weight is between the fully loaded MgCO3 (plus some Na2Mg(CO3)2) and some
partially decarbonated material, i.e. it appears that the non-participating component is MgCO3
rather than MgO. We believe this behavior is due to unfavorable kinetics for the loss of CO2 at
375 °C (as opposed to 400 °C in Figures 4.1). This suggests that at 375 °C, carbonation of MgO
readily occurs in the presence of NaNO3. However, this temperature appears to be slightly too
low to fully regenerate the material by decarbonation. Either a higher temperature is needed for
the desorption step, or a longer desorption period is required for decarbonation to complete. We
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decided to increase the desorption temperature by 25 °C which was considered more efficient
than substantially increasing the desorption time. An absorption test was considered using a
combined temperature and pressure swing, as both increased temperature and a purge gas were
used during desorption. However, the result for in Figure 4.3 showed that the high absorption
capacity degraded very rapidly in the first three cycles and then stabilized at a low capacity of
about 4 wt.% which was similar to what was achieved in Figure 4.1 when the absorbent was
operated for stoichiometric double salt formation. We are not able yet to offer a full explanation
for this behavior, but can offer some theories and supportive evidence. An important factor may
be the behavior of the molten salt, which has a boiling point near 400 °C (at which point it may
lose its strong interaction with the MgO surface). The NaNO3 must re-condense and cool prior to
the next CO2 absorption cycle. The absorption temperature was further lowered to 360 °C to
allow the “cooling” of the molten NaNO3. The obtained result in Figure 4.4 showed that the
regenerable absorption was indeed improved, though it showed an intriguingly interesting pattern
of degrading then increasing. A closer look at the absorption curve suggested that there are two
absorption steps, a small but rapid uptake upon contacting with CO2 gas and a large but delayed
uptake, which gave the “shoulder” on each absorption curve. The delay between the two
absorption steps appeared to be longer for the cycles with very low overall CO2 uptake. A
possible reason for those cycles with low CO2 uptake might be a shortage of time for the second
uptake due to the long delay. A longer absorption time was assigned to the following test while
other parameters were maintained. The result was given in Figure 4.5. In this case, significant
CO2 absorption occurs through multiple cycles, although steady state is not reached. This result
also showed that the high capacity reported in Air Products was successfully reproduced. The
degradation over cycles was observed in the reported results by Air Products, and it also
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appeared in our test result. SEM images in Figure 4.6 for this absorbent after the first absorption
and after multiple absorptions indicates a particle size increase over cycles which could account
for the loss of capacity. With a low operation temperature range of 360-400 °C, high temperature
sintering is ruled out for the cause of particle size growth. Here we postulate that the presence of
molten salt which is highly mobile may cause the poor structural stability in the absorbent.
The different absorption behaviors of the absorbent under different operating conditions
suggested a great impact of both absorption and desorption temperatures. The material system
also demonstrated a highly interesting but complicated chemistry. Achieving steady state still
remains challenging for this material system for non-stoichiometric double salt operation.
4.2 Effect of operating window on NaNO3 promoted MgO
A simpler system of NaNO3 promoted MgO was expected to provide even high capacity
than NaNO3 promoted Na2CO3-MgO for unstoichiometric double salt operation. Its feasibility
and the effect of operating window on the absorption behavior will be discussed in Chapter 5
where NaNO3 promoted MgO is systematically studied.
4.3 Equilibrium pressure study of NaNO3 promoted Na2CO3-MgO for stoichiometric
double salt operation
With the calculated thermodynamic data for Na2Mg(CO3)2, the predicted equilibrium of
the reaction given in equation 2-3 as a function of both temperature and pressure is plotted in
Figure 4.6. According to the equilibrium curve, the reaction of Na2Mg(CO3)2 formation reaches
equilibrium at PCO2= 0.06 bar at 400 °C. Higher CO2 partial pressure is favorable for
Na2Mg(CO3)2 formation, while at

CO2 partial pressures below 0.06 bar Na2Mg(CO3)2

decomposition is favored. In order to verify experimentally the equilibrium CO2 pressures at 400
°C, the Na-Mg double salt absorbent was evaluated through PSA, with the same test conditions
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described above, at different CO2 partial pressures. At 400 °C, an equilibrium CO2 pressure of
0.4 bar was observed, i.e., partial pressures of CO2 greater than 0.4 atm were required for CO2
absorption to occur. The experimental point is shown in Figure 4.7, and by applying
(K equates PCO2), the predicted trend consistent with that point is plotted and shown as a dashed
line. This is higher than the theoretically derived value, but is consistent with the fact that the
predicted equilibrium temperature is also higher than our experimentally-derived value. Figure
4.8 shows that at a CO2 partial pressure of approximately 0.8 atm, the maximum capacity is
reached within the 30 minutes allotted for the adsorption, and a higher partial pressure of CO2
does not increase uptake. In pre-combustion, the warm syngas stream typically has a total
pressure of 15~20 bar with ~20% CO2 content, which is equal to a CO2 partial pressure of 3~6
bar. With the capability of the absorbent to remove the CO2 partial pressure down to 0.4 bar,
approximately 85%-93% of the contained CO2 in the gas stream can be removed at 400 oC
through PSA. Similar results can also be achieved through TSA.
4.4 Demonstration of NaNO3 promoted Na2CO3-MgO based sorbent in fixed bed reactor
for warm temperature CO2 capture
A tube reactor constructed of Hastelloy C alloy was loaded with 1.7 grams of NaNO3
promoted Na2CO3-MgO absorbent. The absorbent was prepared with the ball milling method and
had a composition of 44 wt.% MgO, 44 wt.% Na2CO3 and 12 wt.% NaNO3. With the NaNO3
“binding effect”, the as-prepared absorbent was in the form of plates with enough mechanical
strength for those plates to be easily meshed into the desired particle size without breaking down
into fine powder. Absorbent particles of 40-80 mesh size were used in the test. The packing
density of the absorbent particles was 0.59 g/ml. From TGA tests, no difference in the absorption
performance was observed between the absorbent before and after meshing to the selected size.
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A pre-blended gas containing about 20% CO2 in H2 was used. A flow rate of 35 ml/min was used
and the gas flow rate was determined based on the absorption rate of the absorbent observed in
Figure 3.10. The space velocity of the test was 724 hr-1. A micro GC (Agilent) was used to
monitor the CO2 concentration on-line at the outlet. The absorption was at 380 °C, in preblended gas of 20% CO2 in H2, for 60 minutes, and the desorption was at 460 °C, in N2, for 60
minutes. The overall pressure was maintained throughout the test. The schematics of the test are
given in Figure 4.9. The obtained absorption capacity over nine cycles was calculated using the
CO2 concentration collected by micro GC and the result was given in Figure 4.10a. The first
peak achieved a capacity of about 25 wt.%, which was higher than the TGA data suggested. This
is believed due to the tempera ture gradient along the reactor, with part of the absorbent bed
being operated below 380 °C. Over cycles there was a gradual degradation, which was not
observed when the same absorbent was tested in a TGA unit. The post-test absorbent was
examined with XRD and it was found that NaNO3 had disappeared. As discussed earlier, the
presence of NaNO3 was necessary for efficient CO2 uptake. The loss of NaNO3 could be
associated with the degradation in performance. Several hypotheses were proposed for the
degradation and the loss of NaNO3. One possible reason was the reaction between molten
NaNO3 and the metal reactor, as molten NaNO3 was highly reactive and corrosive. It could also
be the reduction of NaNO3 in the reducing environment, which led to the loss of NaNO3. The
breakthrough curve during the third absorption cycle is shown in Figure 4.10b. A stable
absorption period with CO2 level reduced from 20% down to below 4% suggested that more than
80% CO2 removal was achieved. The CO2 absorption rate for this absorption cycle shown in
Figure 4.10c showed a stable absorption rate of about 3 ml/g absorbent* min.
4.5 Integration of CO2 capture with methanation catalytic reaction for fuel production
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Combining with catalytic methanation, the CO2 absorbent with the same composition of
44 wt.% MgO, 44 wt.% Na2CO3 and 12 wt.% NaNO3 was used to demonstrate the direct
production of high purity CH4 from syngas. The same test set-up used for the CO2 absorbent test
was used here for the combined test. The methanation catalyst was 15 wt.% Ni on γalumina support prepared by incipient wetness impregnation using a NiNO3-acetone solution.
The catalyst was calcined at 350 °C, 3 hours in air and in situ reduced at 600 °C for 3 hours in
10%H2/N2. A clean syngas simulant containing 48% CO, 48% H2, and 4% Ar was used and the
test pressure was 16 bar. Before the combined test, the activity of the catalyst was tested
separately using 0.8 grams of Ni/Al2O3 catalyst and a flow rate of 40 ml/min. 0.8 grams of
Ni/Al2O3 catalyst and 2.5 grams of CO2 absorbent with a particle size of 40-80 mesh were loaded
for the combined test. The same flow rate of 40 ml/min was used for the combined test. The
amount of CO2 absorbent was determined based on both the methane conversion rate and CO2
absorption rate. The Ni/Al2O3 catalyst was diluted with 5 grams of 40-80 mesh size SiC for
reaction heat management. The test for the activity of methane was shown in Figure 4.11. The
methanation reaction can be given by equation 4-1.
(Equation 4-1)

After the syngas mixture passed through the methanation bed, the syngas would be
converted into CH4 and CO2. The sequential CO2 absorption bed would then remove the CO2 in
the stream and produce pure CH4. The test result in Figure 4.12 demonstrated the feasibility of
this technology. During the absorption period, a high purity (>95%) CH4 was produced along
with a very low CO2 content. In this fixed bed test, the CH4 content started to decrease and CO2
content started to increase upon reaching the saturation of CO2 bed. Employing a fluidized bed
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will enable the continuous operation and production of high purity CH4. When combined with
other catalytic conversion reactions such as water gas shift, high purity H2 can also be produced.
4.6 Summary
The non-stoichiometric double salt formation was discovered as a promising route to
significantly increase the absorption capacity of NaNO3 promoted Na2CO3-MgO. The effect of
operating windows on the absorption capacity through non-stoichiometric double salt formation
was studied in an effort to optimize the performance. However, it was found in our study that it
remained challenging to achieve a steady state through multiple absorption-regeneration cycles
through non-stoichiometric double salt operation. Absorption through stoichiometric double salt
provided stable CO2 absorption and NaNO3 promoted Na2CO3-MgO was selected to demonstrate
the feasibility of this type of materials as effective warm temperature CO2 absorbents. Both the
CO2 absorption and the methanation-CO2 absorption combined bench-scale tests demonstrated
that this absorbent was a highly promising material candidate for achieving > 80% CO2 removal
and directly producing high purity fuel gas from syngas.
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Figure 4.1

Figure 4.1. Cyclic CO2 absorption-desorption demonstrating stoichiometric double salt operation
under pressure swing conditions at 400 °C and a MgO-rich composition. Composition of the
material is Na2CO3 (11 wt.%), MgO (77 wt.%), and NaNO3 (12 wt.%).
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Figure 4.2

Figure 4.2. Cyclic CO2 absorption-desorption demonstrating non-stoichiometric double salt
operation under pressure swing conditions at 375 °C. Composition of the material is Na2CO3 (11
wt.%), MgO (77 wt.%), and NaNO3 (12 wt.%).
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Figure 4.3

Figure 4.3. Cyclic CO2 absorption-desorption demonstrating non-stoichiometric double salt
operation under combined swing conditions: absorption at 375 °C with 1 atm CO2, 60 minutes;
desorption at 400 °C with 1 atm N2, 60 minutes. Composition of the material is Na2CO3 (11
wt.%), MgO (77 wt.%), and NaNO3 (12 wt.%).
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Figure 4.4

Figure 4.4. Cyclic CO2 absorption-desorption demonstrating non-stoichiometric double salt
operation under combined swing conditions: absorption at 360 °C with 1 atm CO2, 60 minutes;
desorption at 400 °C with 1 atm N2, 60 minutes. Composition of the material is Na2CO3 (11
wt.%), MgO (77 wt.%), and NaNO3 (12 wt.%).
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Figure 4.5

Figure 4.5. Cyclic CO2 absorption-desorption demonstrating non-stoichiometric double salt
operation under combined swing conditions: absorption at 360 °C with 1 atm CO2, 90 minutes;
desorption at 400 °C with 1 atm N2, 60 minutes. Composition of the material is Na2CO3 (11
wt.%), MgO (77 wt.%), and NaNO3 (12 wt.%).
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Figure 4.6

Figure 4.6. SEM images of absorbent after (a) initial absorption; (b) 8th absorption of the
combined swing cycle in Figure 4.5. Composition of the absorbent is Na2CO3 (11 wt.%), MgO
(77 wt.%), and NaNO3 (12 wt.%).
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Figure 4.7

Figure 4.7. CO2 partial pressure in equilibrium with the Na2Mg(CO3)2 double salt as a function
of temperature as predicted from ab initio calculation and after experimental correction.
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Figure 4.8

Figure 4.8. Experimentally measured data of the pressure dependence of Na2CO3-promoted MgO
absorbent at 400 °C.
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Figure 4.9

Figure 4.9. Experimental design of CO2 absorption test in the fixed bed reactor.
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Figure 4.10

(a)

(b)
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(c)

Figure 4.10. CO2 absorption test results of NaNO3 promoted Na2CO3-MgO in a fixed bed
reaction: (a) CO2 absorption capacity over cycles; (b) CO2 absorption break through curve; (c)
CO2 absorption rate.
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Figure 4.11

Figure 4.11. Experimental design of methanation and CO2 absorption combined test in the fixed
bed reactor.
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Figure 4.12

(a)

(b)
Figure 4.12. (a) Baseline of methanation catalyst; (b) Test result of methanation combined with
CO2 absorption demonstrating direct production of high purity methane.
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Chapter 5: Mechanistic understanding of the promoting effect of molten salts
In the previous work, we observed enhanced CO2 absorption on a MgO-Na2CO3 double
salt absorbent, which was attributed to the presence of adventitious NaNO3 which exists as a
molten phase under reaction conditions. When following this idea, novel materials have been
invented and enhanced CO2 absorption performance has been achieved. The work in this chapter
focuses on mechanistic understanding of the molten salt promoting effect. Inspired also by the
fast precipitation of alkaline metal carbonates in aqueous solutions, we postulated that a liquid
that can partially dissolve and activate the solid MgO absorbent will promote the formation of
the carbonate upon exposure to CO2. Molten salts, such as chlorides, fluorides, and nitrates, are
known to dissolve metal oxides and are used as reaction solvents in molten salt syntheses [59,
60]. Thus, it seems molten salts may provide a route for activating metal oxide based solid
absorbents. MgO and nitrate is selected as the material system of the most of the study as it
comprises the simplest chemical composition.
5.1 Correlation between promoted CO2 absorption and melting of salt additive
We conducted a preliminary experiment using a simple mixture of MgO powder directly
added on top of NaNO3, which was subsequently heated in the presence of CO2 at ambient
pressure, using a TGA unit as described below. Figure 5.1 shows a rapid conversion of ~60% of
MgO to MgCO3 which initiates upon reaching the melting point (MP) of NaNO3 (308 °C), as
compared to less than 2% MgO conversion in the absence of NaNO3 in the baseline test. Once
the temperature exceeds 400 °C the MgO conversion starts to decrease due to the decomposition
of MgCO3. Similar phenomena of increased CO2 absorption associated with the melting of the
salt additives were observed when adding MgO powder on top of other nitrate/nitrite salts with
various melting points, such as NaNO3+KNO3 (MP: 221 °C) and NaNO3+NaNO2+KNO3
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eutectic (MP: 140 °C) (Figure 5.2). On the other hand, other metal oxides such as CaO which
normally requires a high operation temperature such as 750 °C for satisfying kinetics [61] also
demonstrated significantly enhanced CO2 absorption initiating at 308 °C after combining with
NaNO3 (Figure 5.3). A clear relationship between the presence of molten salt and enhanced gas
absorption is identified.
MgO was obtained by calcining Mg5(CO3)4(OH)2∙xH2O power (99%, Sigma Aldrich) at
450 °C for 3 hours in air. CaO was obtained by calcining calcium acetate (97%, Alfa Aesar) in
air at 800 °C for 3 hours. MgO and CaO crystals on top of molten salt samples were prepared by
respectively adding MgO or CaO on top of the melted and re-solidified NaNO3 in the TGA
crucible. Similar samples of MgO crystals on top of NaNO3-KNO3 and NaNO3-NaNO2-KNO3
eutectics were also prepared in the TGA crucible. The salt or eutectics were first melted in a
TGA crucible by heating to 400 °C in N2 at a heating rate of 7.5 °C/min and then cooled down to
room temperature.
The CO2 absorption and desorption tests were conducted with a thermogravimetric
analyzer (TGA, Netzsch Thermal Analysis, STA 409 cell) at ambient pressure. Non-isothermal
CO2 absorption was performed in CO2 at a ramp rate of 7.5 °C/min from room temperature to
450 °C. The sample weights used are as following: bare MgO powder (20 mg); bare CaO powder
(20 mg); MgO powder (10 mg) on top of NaNO3 (20 mg); MgO powder on top of (10 mg)
NaNO3-KNO3 (12 + 8 = 20 mg) eutectic mixture; MgO powder (10 mg) on top of NaNO3NaNO2-KNO3 (1.4 + 8 + 10.6 = 20 mg) eutectic mixture; CaO powder (12 mg) on top of NaNO 3
(10 mg); and 20%NaNO3-MgO (20 mg). The compositions of the eutectic salts are summarized
in Table 5.1.
5.2 Isotherm and cyclic absorptions of NaNO3-MgO
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A well-mixed aggregate samples of MgO with a controlled amount of NaNO3 was
prepared by the developed ball milling method. Two grams of MgO and NaNO3 mixture with the
desired weight ratio were ball milled in 2-propanol for 48 h and then dried and calcined at 450
°C in air for 3 h. We denote the thusly prepared samples as x%NaNO3-MgO, where x is the
weight percentage of NaNO3 in the sample. These samples were evaluated by the following
isothermal and pressure-temperature combined swing CO2 absorption tests, and the performance
is reported as MgO conversion or CO2 capacity in mmol*g-1. Figure 5.4 shows the isothermal
CO2 absorption profiles on 20%NaNO3-MgO and MgO samples at 330 °C. After an induction
period of ~20 min, a rapid CO2 absorption rate, 2.3 mmol*g-1*min-1, was observed for
20%NaNO3-MgO during the linear absorption period, which is two orders of magnitude greater
than the CO2 absorption rate of bare MgO under the same conditions. The final conversion of
MgO to MgCO3 is around 75%, i.e. 15 mmol*g-1 in capacity, which is 6.4 times the number of
moles of NaNO3 present, indicating that NaNO3 acts as a catalyst rather than an absorbent. This
capacity is one order of magnitude greater than that of K2CO3-promoted hydrotalcite at 400 °C,
which is the most studied warm temperature adsorbent [62]. Figure 5.6 shows the cycling CO2
absorption/desorption profile for 20%NaNO3-MgO through temperature-pressure combined
swing. The sample achieved a MgO conversion of ~70%, similar to that in Figure 5.5 during
ramping to 330 °C in CO2, and then completely released CO2 at 385 °C in N2 in the first cycle.
After about four CO2 absorption/desorption cycles, the sample displayed a stable cycling
capacity of 7 mmol*g-1, which is ~8 times that of K2CO3-promoted hydrotalcite at 400 °C.
Regeneration is very sensitive to operation temperature, as a different equilibrium with partially
regenerated MgCO3 is achieved by lowering the desorption temperature by 10 °C (Figure 5.6).
Notably, there is no induction time when MgCO3 is not completely regenerated, which may
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provide a strategy for practical large-scale operation. During the first four cycles, the decrease in
cycling capacity prior to stabilization indicates a structure reconstruction, which is clearly shown
in both XRD and SEM results (Figure 5.9). However, the 20%NaNO3-MgO sample appears
“intact” after the tests, indicating the aggregate sample with proper NaNO3 content can be
handled as a regular solid material.
In the profile shown in Figure 5.6, for the first cycle, MgO conversion reached ~70%
during ramping to 330 °C in CO2, and then decreased to ~22% after desorption at 375 °C in N2,
displaying an incomplete regeneration of MgO. Such incompletely regenerated MgO also
demonstrated decreasing absorption capacities in subsequent cycles but retained a lower cycling
capacity of 4.2 mmol*g-1, compared with the completely recovered MgO in Figure 5.5. The
decrease in CO2 storage capacity can also be assigned to the morphology change after CO2
absorption/desorption (Figure 5.9c, and d). However, there was no induction period before fast
CO2 absorption on the incompletely regenerated MgO in the following cycles, while the
completely regenerated sample (desorption at 385 °C, Figure 5.5) showed an induction period,
indicating that the induction period can be avoided by retaining some magnesium carbonates.
The operating conditions can be further adjusted to obtain optimized performance.
5.3 Effect of NaNO3 concentration and role of triple phase boundary
Figure 5.7 displays the MgO conversions of NaNO3-MgO samples with various NaNO3
concentrations during isothermal CO2 absorption at 330 °C along with the surface areas. Surface
areas were measured on a QuantaChrome Autosorb-6 using N2 adsorption isotherms at 77.4 K
and 5 point BET analysis methods. All of the samples were degassed under vacuum at 150 C
for 8-16 h before the adsorption measurements. Significant conversion of MgO (30-75%) occurs
over the broad middle range of NaNO3 concentrations (12-50 wt.%), while low MgO conversion
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(below 10%) appears at either low or high NaNO3 concentrations (below 8 wt.% or above 50
wt.%), which indicates a high flexibility of the material composition. The surface area of the
MgO absorbent decreases sharply from 173.4 m2/g to almost zero (below detection limit) as the
concentration of NaNO3 increases from 0 to 70 wt.%, suggesting a strong NaNO3 wetting and
covering effect on the MgO surface. The extremely low CO2 absorption capacity on 60%NaNO3MgO and 70%NaNO3-MgO can be attributed to the poor solubility of CO2 in molten NaNO3
[63], indicating that retaining some available MgO surface is crucial to capturing gaseous CO2.
Thus, triple phase boundaries (TPB) comprising the solid MgO, molten NaNO3, and gaseous
CO2 are present under operating conditions. For the samples with low and high NaNO3
concentration, the amount of TPB is likely to be much lower than in the case of medium NaNO3
concentrations, which correlates with the MgO conversions. Taken together, molten saltpromoted basic oxides with flexible compositions are able to rapidly absorb CO2 with high
cycling capacity at temperatures previously considered too low to be technically feasible.
5.4 Molten salt effect on desorption
While most of our focus has been placed on the enhanced CO2 absorption of MgO with
molten NaNO3, the influence of molten NaNO3 on the decomposition of MgCO3 also merits our
attention. Decomposition tests were conducted on both 10%NaNO3-MgCO3 and MgCO3. About
20 mg of each sample was heated from 22 °C to 450 °C at a ramp rate of 5 °C/min, and then
maintained at 450 °C for 30 min in N2. Figure 5.8 shows the decomposition of MgCO3 is also
facilitated in the presence of molten NaNO3.
5.5 Phase conversions of NaNO3-MgO during absorption cycles
The chemical reactions for 20%NaNO3-MgO during absorption cycles were studied using
in-situ XRD. In-situ XRD measurements were carried out with Bruker D8 ADVANCE equipped
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with a Cu source ( = 1.5406 Å) and a heating chamber allowing flowing gas. About 0.5 grams
of 20%NaNO3-MgO was loaded for the experiment. A scan at a rate of 2°/min was conducted at
25 °C on the sample before introducing CO2. After that, the sample was heated in flowing CO2 at
a rate of 7.5 °C/min. After reaching 330 °C, another scan was taken while the temperature was
held. Upon the completion of the scan, the sample was heated to 450 °C and held at that
temperature while a third scan was taken. After the third scan, the sample was cooled down to 25
°C in N2 and the final scan was taken. Figure 5.9a shows in-situ XRD patterns of 20%NaNO3MgO upon heating in CO2. The diffraction pattern for NaNO3 in the 20%NaNO3-MgO sample at
25 °C disappeared at both 330 °C and 450 °C due to melting, but reappeared after cooling back
to 25 °C. Meanwhile, MgCO3 formed at the expense of MgO at 330 °C and then decomposed to
form MgO at 450 °C. Notably, the average crystallite size of in-situ formed MgCO3 (~ 30 nm),
estimated by Scherrer equation, is much larger than that of the MgO precursor (~ 10 nm) but is
comparable to the regenerated MgO (~30 nm), indicating that the larger MgCO3 crystallite
formed via an accumulating deposition of magnesium ions from several MgO crystallites rather
than CO2 diffusing from the surface to the bulk of a MgO crystallite. The mobile magnesium
ions may come from dissolved MgO in molten NaNO3 [64], the dissolution being described in
the following experiment.
5.6 MgO dissolution in molten NaNO3 and the formation of MgCO3 through precipitation
A clean MgO (100) single crystal wafer was immersed in molten NaNO3 at 360 °C for 4
hours and then rinsed with de-ionized water to wash away the NaNO3 after cooling down to
ambient. As shown in Figure 5.9b, the previously featureless MgO (100) surface (inset) became
covered

with

MgO

particles,

100-200

nm

in

size,

clearly

demonstrating

a

dissolution/precipitation equilibrium of MgO in molten NaNO3. The as-prepared 20%NaNO3-
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MgO sample shows porous MgO and smooth NaNO3 particles with close proximity (Figure
5.9c). The formed MgCO3 displays a smooth and round shape similar to that of MgO
precipitated from the molten salt (Figure 5.9d), indicating that the MgCO3 crystallites most
probably formed via a precipitation-deposition process. In addition, the larger MgCO3 particle
sizes, compared with initial MgO, are in line with the results from in-situ XRD, again supporting
a precipitation-deposition hypothesis.
5.7 Density functional theory calculation (courtesy of Dr. Yuhua Duan)
Similar to reactions in aqueous solution, the dissolution/precipitation equilibrium of MgO
in molten NaNO3 may provide solvated [Mg2+·∙·O2-] ionic pairs, which have much weaker
interaction than the strong Mg-O ionic bonds in bulk MgO. MgO reacting with CO2 to form
MgCO3 requires weakening or even breaking Mg-O ionic bonds in bulk MgO to rearrange and
form the MgCO3 lattice. Energy differences in the two pathways for the reaction between CO2
and MgO with and without molten NaNO3 were calculated by simplifying molten NaNO3 as a
solvent.
Based on the experimental observations, the molten NaNO3 acts as a solvent for solid
MgO. The following reactions (Equations 5-1 to 5-3) are believed to occur during the molten
NaNO3-promoted CO2 absorption on MgO, in which (s), (l) and (g) represents the solid, liquid
and gaseous state, respectively. The energy change for the three step reactions is considered as
the energy pathway of the overall reaction.
MgO(s) + NaNO3(l) ↔ [Mg2+∙∙∙O2-] [NaNO3(l)]

(Equation 5-1)

CO2(g)+ [Mg2+∙∙∙O2-] [NaNO3(l)] → [Mg2+∙∙∙CO32-] [NaNO3(l)]

(Equation 5-2)

[Mg2+∙∙∙CO32-] [NaNO3(l)] ↔ MgCO3(s) + NaNO3(l)

(Equation 5-3)
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For MgO reaction with CO2 in the absence of NaNO3, the direct reaction between
gaseous CO2 and solid MgO needs to weaken or break the MgO crystal lattice. To the best of our
knowledge, there is no well-established mechanism for such gas-solid reactions. Here we
assumed a breaking of the MgO crystal lattice to form free [Mg2+∙∙∙O2-] ion pairs for better
comparison with dissolved solvated [Mg2+∙∙∙O2-]NaNO3. The energy changes were calculated for
the reactions below (Equations 5-1’ to 5- 3’).
MgO(s) ↔ [Mg2+∙∙∙O2-] (g)

(Equation 5-1’)

CO2(g)+ [Mg2+∙∙∙O2-] (g) → [Mg2+∙∙∙CO32-] (g)

(Equation 5-2’)

[Mg2+∙∙∙CO32-] (g) ↔ MgCO3(s)

(Equation 5-3’)

In order to obtain the energy difference between the solid bulk phases (MgO, MgCO 3)
and the corresponding ion pairs, the Vienna Ab-initio Simulation Package (VASP) was employed
to optimize the crystal structure and calculate the electronic structure [65]. More details on
calculating these solids can be found in a previous study [52]. For the ion pair reacting with the
CO2 step, an isolated single ion pair with a CO2 molecule was put in a cubic box with the length
of 20 Å. All calculations have been done using the projector augmented wave (PAW) pseudopotentials and the PW91 exchange-correlation function [66]. Plane wave basis sets were used
with a cutoff energy of 500 eV and a kinetic energy cutoff for augmentation charges of 605.4 eV.
The k-point sampling grids of n1×n2×n3, obtained using the Monkhorst-Pack method [67], were
used for both bulk and ion pair calculations, where n1, n2, and n3 were determined consistent to a
spacing of about 0.028 Å-1 along the axes of the reciprocal unit cells. The corresponding k-point
sets that we used in our calculations were 8×8×8 for MgO solid, 8×8×2 for MgCO3 solid, and
1×1×1 for the ion pair, respectively. The energy difference was calculated by subtracting the
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energy of ion pairs from that of the corresponding crystal divided by number of formula units in
its unit cell. The calculated results are listed in Table 5.2.
For the energy changes on the CO2 molecule and MgO and MgCO3 ion pairs when they
are solvated by NaNO3, the calculations were performed using a Gaussian 09 software package
in a tight fit configuration [68]. Similar to the approach made by Carper et al. [69], the
B3LYP/6-31+G(d, p) level of computation was used to optimize the structures and to obtain the
energies. The NaNO3 solvent effect was taken into account via the integral equation formalism
polarizable continuum model [70]. The dielectric constant of molten nitrate salt (such as
NaNO3+KNO3) is not known and depends on temperature, frequency, and directions (for
anisotropic solids), but many investigators arbitrarily assigned it to a value of 3~4. From the
website [71], we found the dielectric constant (ε) of NaNO3 is 5.2 and used it in our calculations.
The calculated energies of these ion pairs with and without NaNO3 solvent are listed in Table
5.3. The energies of CO2 with and without NaNO3 solvent are also calculated. The energy
change of the CO2 molecule with NaNO3 solvent effect is one order of magnitude smaller than
that of ion pairs, so it is reasonable for us to consider the energy state of MgO as the main object.
Based on the calculations described above, the energy changes for the MgO reaction with
CO2 with and without NaNO3, as described in the proposed steps Equations (5-1)-(5-3) and
Equations (5-1’)-(5-3’), are summarized in Table 5.4. Despite the different energy pathways for
the two cases, the overall reaction is the same and has the same energy change. The overall
reaction energy change is compared with the values from both FactSage and HSC databases [72]
for carbonation reaction of MgO and they show good consistency.
Using the obtained calculation results, the energetic path way for with and without
NaNO3 can now be evaluated by the adapted Born-Haber cycle as depicted in Figure 5.10. As
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shown, the rate-controlling step is the activation of the MgO ionic bond, while the other steps are
energetically favorable. With NaNO3, the energy for the dissociated [Mg2+·∙·O2-] intermediate
decreased by 1.771 eV (40.8 kcal/mol), representing a kinetically favorable pathway. Although
the elementary steps remain to be established for these complex gas-solid and gas-liquid-solid
reactions, such preliminary density function theory calculations provide theoretical
understanding of the catalytic role of molten salt in facilitating the activation of MgO.
5.8 Proposed reaction mechanism
Molten NaNO3 acts as a phase transfer catalyst (PTC) in the gas-solid reaction between
CO2 and MgO, similar to the role of PTCs that are widely applied in chemical reactions between
organic phase and aqueous phase reactants [73]. As illustrated in Figure 5.11, at working
temperature, dispersed NaNO3 melts and partially wets the MgO surfaces; some MgO dissolves
into the molten NaNO3 as solvated ionic pairs ([Mg2+∙∙∙O2-]) and establishes a
dissolution/precipitation equilibrium; gaseous CO2 weakly adsorbs on the bare MgO surface,
usually in the form of mono-dentate or bi-dentate carbonate species [74], and migrates to the gasliquid-solid triple phase boundaries (TPB). The adsorbed CO2 then reacts with the [Mg2+∙∙∙O2-]
ionic pairs to form a [Mg2+∙∙∙CO32-] ionic pairs, which precipitate as solid MgCO3 upon reaching
saturation. MgCO3 may precipitate away from the initial dissolution site and would therefore not
inhibit continuous reaction as would be the case in a non-catalyzed gas-solid reaction.
Theoretically, the reaction could be carried out completely since the reactions occur at
temperatures far below that for MgCO3 decomposition. However, in practice, conversion greatly
depends on the TPB: the MgO conversion stopping at ~ 70% on the samples with medium
NaNO3 contents (20-40%) may be due to the diminishing of the boundaries with depleting MgO.
5.9 Applying the reaction mechanism to general molten salt promoted absorbents
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NaNO3 promoted MgO represents a simple example of the various molten salt promoted
absorbent systems including molten promoted metal oxides and molten promoted metal oxidecontaining double salts. The knowledge gained on the understanding of the reaction mechanism
on NaNO3 promoted MgO has general implication on the different molten salt absorbents. It was
concluded in our study that dissolution of the MgO into molten NaNO3 is considered a key step
in activating the rigid lattice of MgO. Other metal oxides such as CaO also have solubility in
molten NaNO3 [75] and various metal oxides can dissolve in other molten salts as well. The
observed enhanced CO2 uptake on different metal oxides promoted by various molten salts can
thus be explained by the same reaction mechanism of rapid carbonation after the dissolution of
metal oxide into molten salts.
In molten salt promoted metal oxide containing double salt absorbents, the metal oxide
contained double salt is a mixture of a metal oxide and a carbonate which forms a double
carbonate salt upon CO2 uptake. An example is MgO-Na2CO3 which forms Na2Mg(CO3)2 as
given in equation (2-3). As discussed in Chapter 2, CO2 absorption on the metal oxide containing
double salt absorbents can also be facilitated by the presence of molten salts. The same reaction
mechanism discussed for molten salt promoted metal oxide systems can be applied for the
double salt systems. Metal carbonate salts, such as Na2CO3, CaCO3, also have solubility in
molten salts. For example, according to the Na2CO3-NaNO3 phase diagram, Na2CO3 has a 3
wt.% solubility in molten NaNO3 at 380 °C [54]. In the example system of NaNO3 promoted
MgO-Na2CO3 double salt absorbent, both MgO and Na2CO3 would dissolve and form ion pairs
solvated in molten salt ions and they possess high reactivity and mobility. [Mg2+∙∙∙O2-] ion pair
combines CO2 and forms [Mg2+∙∙∙CO32-] ion pair which together with [Na+∙∙∙CO32-∙∙∙Na+] ion pair,
precipitate out as Na2Mg(CO3)2 upon saturation. Since Na2Mg(CO3)2 has lower energy than the
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sum of the energy of Na2CO3 and MgCO3, the formation of double salt is energetically
favorable. The molten salt acts a similar phase transfer catalytic role in the gas solid reaction
between CO2 and metal oxide contained double salt by converting the reaction environment from
solid into liquid in molten salt.
As discussed in the example of molten NaNO3 promoted MgO, the amount of TPB in this
solid-liquid two phase agglomerate is determined by the molten salt concentration and the
wetting/covering of the liquid phase over the solid phase. For the samples with low and high
molten salt concentration, the amount of TPB is likely to be much lower than in the case of
medium molten salt concentrations. In both systems of molten salt promoted metal oxide and
molten salt promoted metal oxide contained double salt, a general correlation of effective
absorption with the concentration of the molten salt was observed. Highly effective CO2
absorption appears at the medium molten salt concentration, while either low or high molten salt
results in poor absorption. It is reasonable to conclude that triple phase boundary provides the
most efficient reaction sites in general molten salt promoted metal oxide based materials.
5.10 Pre-melting phenomena
As discussed in Chapter Two, enhanced CO2 absorption was observed on NaNO3
promoted Na2CO3-MgO double salt absorbent prior the melting of NaNO3. This, however, was
not observed in the experiment of MgO-NaNO3 system where MgO was directly added on top of
NaNO3 salt, as shown in Figure 5.1. To our great interest, when 20%NaNO3-MgO prepared by
ball milling and calcination procedures was used for the absorption test, the absorbent also
started to absorb CO2 at ~ 250 °C, as shown in Figure 5.12. We believe that during pre-melting,
the activity of salt increases and would potentially dissolve MgO as it would do when it is
completely melted to liquid. This is observed on the sample prepared by the ball milling method,
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but not when MgO is directly added on top of NaNO3 solid. The difference lies in that the ball
milling preparation method includes a calcination step at 450 °C for 3 hours in air, during which
NaNO3 in the mixture experienced a melting and a re-solidification process. Absorbent prepared
in this manner has a close contact between MgO and solid NaNO3 as shown in Figure 5.9c.
When MgO is directly added on top to solid NaNO3, there is poor contact between the two
components. Pre-melted NaNO3 would not have enough mobility to reach MgO when there is
poor contact. But when there is existing close contact, dissolution of MgO in pre-melted NaNO3
is anticipated. Consequently, CO2 uptake starts prior the actual melting of NaNO3. After NaNO3
is melted, the mobility is high and can wet the surface of MgO in the mixture even if there was
no pre-existing contact. The absorption starts right after the melting of NaNO3 into liquid when
MgO is directly added on top of solid NaNO3, as is the case in Figure 5.1.
Pre-melting phenomenon is broadly observed in alkali nitrate, nitrite, and halide salts. It
is evidenced through the indications of a change in heat capacity and entropy. It is also described
as a gradual transition and the starting temperature has an abnormal dependence on the
heating/cooling rate. According to the literature, the transition associated with pre-melting is due
to increased torsional oscillation by the polyatomic ion and is considered a solid-state transition
[55]. In the samples with MgO in close proximity with NaNO3 from previous melting and resolidification, NaNO3 with increased oscillation may activate the lattice of MgO through
dissolution. However, there is a lack of direct characterization of the structure of pre-melted
salts. It is also widely accepted that a liquid thin film forms on the solid during heating up prior
to the actual melting of the solid phase [76]. The liquid thin film on the surface of solid NaNO3
could also account for the observed change in heat capacity and entropy. Thus, we also postulate
that a liquid thin film forms during pre-melting and the liquid thin film of NaNO3 activates the
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lattice MgO through dissolution upon close contact and leads to the observed rapid CO2 uptake.
Further understanding of the pre-melting phenomena in salts is required to explain the abnormal
CO2 absorption behavior in molten salt promoted absorbents.
5.11 Summary
In summary, agglomerates of dispersed molten salts on metal oxides demonstrate fast
CO2 absorption with high cycling capacity. This work presents the novel reaction mechanism for
the discovered molten salt promoting effect and also suggests alternate reaction pathways for
traditional gas-solid reactions. The molten salt acts as a phase transfer catalyst in the gas-solid
reaction by activating the bulk solid lattice via a dissolution/precipitation equilibrium and the
triple phase boundary provides the most efficient reaction sites for CO2 absorption. Such a
process combines the benefits of easy handling of solid materials and superior mass transfer and
high diffusivity of a liquid solvent. This can inspire new designs not only in solid absorbents for
gas separations, but also in catalysts that require solid lattice activation.
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Figure 5.1

Figure 5.1. CO2 absorption test of MgO and MgO added on top of NaNO3 during heating in CO2.
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Figure 5.2

Figure 5.2. CO2 absorption on MgO with various nitrate, nitrate-nitrate, and nitrate-nitrite
eutectic salts during heating in CO2.
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Figure 5.3

Figure 5.3. CO2 absorption by CaO and CaO added on top of NaNO3 during heating in CO2.
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Figure 5.4

Figure 5.4. Isothermal CO2 absorption test of MgO and 20%NaNO3-MgO at 330 °C.
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Figure 5.5

Figure 5.5. Cyclic CO2 absorption test of 20%NaNO3-MgO through temperature-pressure
combined swing, between 330 °C in CO2 and 385 °C in N2.
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Figure 5.6

Figure 5.6. CO2 absorption on 20%NaNO3-MgO through temperature-pressure combined swing,
between 330 °C in CO2 and 375 °C in N2.
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Figure 5.7

Figure 5.7. Absorption performance and BET surface area of NaNO3-MgO as a function of
NaNO3 concentration.

108

Figure 5.8

Figure 5.8. Decomposition behaviors of MgCO3 and 10%NaNO3-MgCO3 upon heating,
measured through thermal gravimetric analysis.
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Figure 5.9

Figure 5.9. Samples characterization. a) in-situ XRD patterns of 20%NaNO3-MgO upon heating
in CO2; b) Scanning Electron Microcopy (SEM) images of MgO(100) single crystal wafer as
received (inset, featureless) and after immersing in hot molten NaNO3 followed by cooling and
NaNO3 removal; c) SEM image of 20%NaNO3-MgO as prepared; d) SEM image of
20%NaNO3-MgO after reaction with CO2 to form MgCO3.
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Figure 5.10

Figure 5.10. Proposed Born-Haber Cycle, showing the notable enthalpy difference for MgO
dissociation in vacuum as compared to in NaNO3 with solvation effect.
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Figure 5.11

Figure 5.11. Illustrative diagram for the phase transfer catalysis of CO2 absorption on MgO with
molten NaNO3 (*: triple phase boundary).
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Figure 5.12

Figure 5.12. CO2 absorption on 20%NaNO3@MgO during heating up in CO2 to 450 °C.
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Table 5.1
Decomposition
Components

Composition (wt.%)

Melting Temp. (°C)
Temp. (°C)

NaNO3; NaNO2; KNO3[77]

7; 40; 53

140

330

NaNO3; Ca(NO3)2[78]

70; 30

160

500

NaNO3; KNO3[78]

60; 40

221

500

NaNO2[77]

100

271

330

NaNO3[78]

100

308

500

KNO3[78]

100

334

600

Table 5.1. Melting points for some salts and eutectics.
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Table 5.2
Solid

Space group

Energy (eV)

Ion pair

Space group

Energy (eV)

MgO

Fm-3m(#225)

-12.008

MgO

P1

-4.940

MgCO3

R-3cH(#167)

-35.961

MgCO3

P1

-30.194

The reaction energy (eV) of transition from solid to ion pair
MgO (solid) = MgO (ion pair)

7.068

MgCO3(solid) = MgCO3(ion pair) 5.766

Table 5.2. The calculated energies of solids and ion pairs.
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Table 5.3
Species

Energy (a.u.)

Energy (a.u.)

(no NaNO3 solvent)

(with NaNO3 solvent)

CO2

-188.565756

-188.5676046

MgO

-275.210957

-275.274848

MgCO3

-463.863402

-463.950671

Reactions
MgO (ion pair)+CO2(g) = MgCO3 (ion pair)

Energy (eV)
-2.359

Energy (eV)
-2.945

Table 5.3. The calculated sum of electronic energy and thermal enthalpy of molecules and ion
pairs with and without NaNO3 solvent.

116

Table 5.4
Reactions

ΔH (eV), without NaNO3

ΔH (eV), with NaNO3

MgO (solid) = MgO (ion pair)

7.068

5.329

MgO (ion pair)+CO2(g) = MgCO3 (ion pair)

-2.359

-2.995

MgCO3 (ion pair) = MgCO3 (solid)

-5.766

-3.391

-1.057 (-24.4 kcal/mol)a

-1.057 (-24.4 kcal/mol)a

Overall: MgO(s) + CO2(g) = MgCO3(s)
a

-27.8 kcal/mol according to FactSage database at T = 298.15 K and -24.1 kcal/mol according to

HSC Chemistry database at T = 298.15 K
Table 5.4. The calculated energy change of proposed step reactions.
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Chapter 6: Conclusions and recommendation for future work
6.1 Conclusions on the practical applicability of the developed absorbent materials
Using this material system for developing novel CO2 absorbents has achieved great
progress. The developed molten salt promoted metal oxide or metal oxide contained double salt
absorbents overcome the general kinetic limitation in the warm temperature range and potentially
fills the gap for effective warm temperature CO2 absorbents. In our study, fast absorption rate
and desorption rate and high absorption capacity have been achieved with various absorbents.
The tunable operation temperature window through using combinations of different molten salts
and metal oxides or double salts makes this CO2 absorbent technology highly flexible and
attractive. The absorbent system based on molten salt promoted dolomite, which is a naturally
abundant mineral, also demonstrates its promise as an economically viable technology. Wide
deployment of carbon capture from fossil fuel utilization is the high cost and much research
effort has been focused on driving down the cost and increasing the efficiency. The developed
materials here hold great promise for providing the answer. Potential industrial partners can be
Air Products and Chemicals Inc., TDA Research Incorporation, and Research Triangle Institute
for conducting pilot demonstration tests and economic analysis, and facilitating the
commercialization of these materials.
There are also foreseen challenges with the materials containing molten salts. One is the
stability of molten salt at elevated temperatures and under different atmospheres which vary
based on the selected molten salt and the given operation conditions. The structural stability of
the absorbent mixture with molten salt over long term operation in reactors also requires
investigation.
6.2 Conclusions on the discovery of molten salt promoting effect
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High lattice enthalpy of the metal oxide constitutes a main source for its reaction energy
barrier. Molten salt, proposed to dissolve the metal oxide and open up its lattice, provides a novel
route to overcome the high lattice enthalpy of the metal oxide and activate metal oxide involved
reactions. In conventional chemical reactions, slow kinetics are usually compensated by
increasing the temperature, the reaction concentration, or the pressure. Molten salt as a phase
transfer catalyst can potentially open up a new area for providing reactions with improved
performance.
6.3 Recommended future work for fundamental scientific understanding
There is much yet to be understood for this multiphase system. One fundamental question
is the activation of metal oxide in the presence of molten salt. It is also observed that the
interface between the molten salt and the solid phase is critical to the effectiveness of the
chemical conversion obtained. Identification of intermediated species with chemical probes and
structural probes and a full quantitative thermodynamic picture of the involved interfacial
chemical interactions would uncover much basic science on the structural evolvement. Gas-solid
reactions between metal oxides and gaseous species are classic reactions. However, it is a
perpetual challenge to study the reaction mechanism and to obtain the knowledge of how the
atomic structure transforms during reaction. With the molten salt involvement, the metal oxide
phase is transferred into the molten salt phase prior to reaction with gas molecules. The evolution
of the reactant species with the molten salt phase can also provide insights to classic gas-solid
reactions.
In my perspective, answering the questions mentioned above would require the
combination of applying advanced tools for operando elemental and structural probing and
developing new algorithms for predicting the thermodynamics of the solvation of species in the
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molten salt phase. The focus of interest in the material system involves chemical interactions
among metal oxide, molten salt and gas at operation conditions (elevated temperatures and
specific gaseous environment). MgO and molten NaNO3 reaction with CO2 can continued be
used as the exemplary material system for most of the study. Ex-situ and in-situ HRTEM
characterization can be used to probe the structural and chemical evolution in the multiphase
system, especially at the interfaces. Study of both the rate and amount of dissolution of metal
oxide or gas in molten salt, and intermediate species can challenge the current detection limit of
existing technologies. Special experimental design and operation needs to be developed for nondestructive characterization techniques considering the effect of high energy electron or ion
beams on molten salts.
In operando and ex situ

23

Na and

25

Mg magic angle spinning (MAS) NMR is needed to

follow the chemical and structural change at atomic scale of the metal oxide and molten phases.
Enriched

13

C NMR will provide significant information on gas speciation, adsorption,

dissolution into and interaction with NaNO3 and solvated MgO and formation of carbonate. In
situ Raman and IR can also be very helpful for conducting this experiment, especially with their
non-destructive nature.
Highly important will be computation and simulation work for both understanding the
thermodynamics of dissolution, solvation of metal oxide and chemical interactions with gas at
interfaces. Based on experimental results above, intermediate species will be provided for
computation work. The obtained new reaction energy pathway can provide a thorough picture of
the new reaction mechanism. New algorithms will be needed for conducting this work, which
involves complex solid-liquid-gas multiphase systems.
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